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The worldwide finite fossil-fuel supply and the emergence of environmental 
concerns have conspired to the evolution of renewable energy technologies. 
Nevertheless, the intermittent renewable energy resources require efficient energy 
storage systems in order to provide reliable and continuous power supply. Lithium-ion 
batteries are one of the most competitive energy storage systems for future renewable 
energy resources and electric automobiles. The implementation of lithium-ion batteries 
in such advanced applications requires high energy density, high power density and 
high safety cathode and anode materials. Current commercial lithium-ion batteries 
based on LiCoO2 cathode material are undesirable under high performance conditions 
since they encounter safety, high cost and toxicity problems. For example, upon 
insertion of lithium into LixCoO2 at high rate leads to evolution of oxygen when the 
potential increases above 4.4 V, resulting in major safety issues. In this aspect, 
phosphate-based polyanion electrode materials have been explored as the potential 
cathode materials to replace LiCoO2 in lithium-ion batteries due to their competitively 
high energy storage capacity, high thermal stability and high safety. However, most of 
the phosphate-based polyanion materials have inherent poor electronic conductivity 
which could limit their high power applications. 
In this context, this thesis aims at improving the storage performances of some 
of the potential high energy storage capacity phosphate-based polyanion cathode 
materials, notably LiFePO4, α-Li3V2(PO4)3, α-LiVOPO4 and LiFe1/3Mn1/3Co1/3PO4 
materials through nanostructuring approach for future lithium-ion batteries 
applications. Soft template and solvothermal synthesis methods have been employed in  
ix 
 
this study to develop the electrode materials in unique porous nanostructures. The 
developed nanostructured porous electrode materials have then been well characterized 
using several characterization techniques. 
Chapter 1 provides an overview about the worldwide energy demand scenario 
and the importance of lithium-ion batteries as the energy storage for future renewable 
energy resources and electric automobiles in meeting global energy challenges.  
Chapter 2 presents the literature review related to the present research themes. 
Besides the fundamental concepts, electrochemical principles of batteries and 
operating principles of lithium-ion batteries are explained. In addition, the implications 
of nanotechnology in improving the energy storage performances of lithium-ion 
batteries are discussed. Comprehensive literature studies on the development of current 
cathode materials, specifically phosphate-based polyanion materials are reviewed. The 
objectives of the present study are presented at the end of this chapter.  
Chapter 3 describes the experimental procedures for the fabrication of 
electrodes and batteries, electrochemical measurement and materials characterization 
techniques that are used in the study. 
Chapter 4 discusses the studies on LiFePO4/C. A facile one pot soft template 
synthesis method was developed to synthesize nanostructured mesoporous LiFePO4/C. 
The mesoporous LiFePO4/C calcined at 650 °C for 6 h was made of well 
interconnected nanograins (20-30 nm) with uniform carbon coating (~5 nm) capable to 
demonstrate excellent storage performances (168 mAh/g (0.1C), 143 mAh/g (1C), 130 
mAh/g (2C) and 59 mAh/g (30C)) and long-term cycling stability. Careful analysis of 
X-ray diffraction pattern using Rietveld analysis provided an estimation of about 8.2 ± 
0.5 % anti-site defects in the mesoporous LiFePO4/C. Such unique morphology along 
with high concentration of anti-site defects in mesoporous LiFePO4/C favors rapid 
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lithium insertion and extraction along both b- and c-axes and hence improves the 
storage performances, which are much better than the performances achieved by 
previously reported LiFePO4/C nanoplates through solvothermal method. Specifically, 
less polarization with characteristic plateau behaviour has been observed at high rates 
in mesoporous LiFePO4/C compared to LiFePO4/C nanoplates.  
Chapter 5 elaborates the studies on α-Li3V2(PO4)3/C. Similar scalable soft 
template methodology has been adopted to develop nanostructured mesoporous α-
Li3V2(PO4)3/C material with intimately inter-connected nanograins (20-50 nm) and 
carbon wiring (~5 nm). Such mesostructured material calcined at 800 °C for 6 h 
delivers discharge capacity of 178 mAh/g at 0.1C, 131 mAh/g at 1C and 92 mAh/g at 
30C with excellent cycling stability. The electrode performed well even up to 80C. 
These encouraging high rate storage performance results can be ascribed to the unique 
mesoporous nano-architectures of α-Li3V2(PO4)3/C material with three-dimensional 
diffusion paths for lithium, thus facilitating their insertion/extraction effectively.  
Chapter 6 deals with the studies of α-LiVOPO4. In this study, α-LiVOPO4 
hollow microspheres (diameter ~1-10 μm) were constructed from two-dimensional 
nanoplates (thickness ~80-120 nm) developed through a simple one step solvothermal 
method. The morphology of α-LiVOPO4 was strongly influenced by the reaction 
conditions and the product morphology can be easily tailored from hollow spheres to 
hard spheres upon changing the reaction time. Without any post-heat treatment or 
milling with conductive additives, these hollow spheres exhibited considerably large 
reversible lithium storage of 130 and 61 mAh/g near 4 V at 0.1 and 1.7C, respectively. 
In addition, excellent capacity retention and long-term cycling stability can be obtained 
up to 13 C. Such promising storage performances suggest α-LiVOPO4 as a potential 
xi 
 
cathode material upon further optimization for high voltage lithium-ion battery 
applications in the future. 
In Chapter 7, the studies on LiFe1/3Mn1/3Co1/3PO4/C are presented. Encouraged 
by the promising results in improving the storage performances of nanostructured 
mesoporous LiFePO4/C, the studies were extended to high energy density 
LiFe1/3Mn1/3Co1/3PO4/C material. Porous nanoplate structure with dimensions ~2-4 μm 
and grain sizes 20-40 nm of LiFe1/3Mn1/3Co1/3PO4/C was developed by soft template 
process. The developed material exhibited three characteristic voltage plateaus around 













, respectively. Electrochemical performance results showed that the material 
could deliver an initial discharge capacity of 134 mAh/g in conventional electrolyte 
(1M LiPF6 EC/DEC/DMC) and 130 mAh/g in high voltage electrolyte (1M LiPF6 
sulfolane) at 0.1C. However, capacity fade was observed in both electrolytes upon 
cycling. With further increase in current rate to 0.2C, the material exhibited discharge 
capacity of 61 and 51 mAh/g in 1M LiPF6 EC/DEC/DMC and 1M LiPF6 sulfolane, 
respectively. Such inferior storage performances can be attributed to the instability and 
decomposition of the electrolytes during charging to high voltage, 4.9 V.  
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Chapter 1: Introduction 
 
1.1 Overview of Global Energy Status and Energy Storage System 
The world global energy demand is continuously increasing due to the rapid 
growth in world population, rising standard of living, industrialisation and increased 
demand in transportation sectors. Current global energy consumption is estimated to be 
14 terawatt, which is almost 50 times that of pre-industrial level [1], is expected to 
increase further by 50-60 % by 2030  [2].  
The most common energy resources are conventional non-renewable fossil 
fuels, such as oil (33.2 %), coal (27.0 %) and natural gas (21.1 %) which constitute 
around 80 % of the total world energy supply. The remainder is made up of 
combustible renewable and waste (10.0 %), nuclear power (5.8 %), hydroelectric 
(2.2 %) and renewable energy technologies (0.7%) (geothermal, solar, wind, thermal 
and other related technologies) [3]. However, the world is now facing the dilemma of 
energy economic and security crisis as a result of the increase in demand, the depletion 
of the non-renewable fossil fuels supply as well as the uneven distribution of the fossil 
fuel resources around the world. Moreover, there are growing environmental concerns 
related to the combustion of fossil fuels which has resulted in environmental pollution, 
greenhouse gas (CO2) emissions and global warming.  
In order to tackle these challenges, society is urged to harness 
renewable/sustainable and environmentally benign alternative energy resources such as 
solar, wind, hydropower, geothermal, hydrogen, biomass and biofuel for generating 
electricity. Nevertheless, the electrical energy generated from these renewable energy 
resources is intermittent and requires an efficient and reliable storage system so that 
the electricity can be drawn when it is invariably needed.  
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In view of the importance of energy storage systems to the renewable energy 
landscape, there is a rapid development of energy storage technology in recent years. 
However, the development of efficient energy storage systems has been considered to 
be one of the most challenging technology problems in the 21
st
 century. Primary 
alkaline batteries, rechargeable secondary batteries (lead-acid, nickel-cadmium, nickel 
metal hydride and lithium-ion batteries), fuel cells and electrochemical capacitors are 
identified to be the potential energy storage systems for current and future advanced 
technologies [4]. However, all these energy storage systems have their own advantages 
and limitations. They still require extensive development to further improve their 
conversion efficiency, power delivery and storage capacity. In addition, they need to 
be environmentally friendly, cost effective, reliable and safe with excellent cycle life 
for various energy sector applications.  
Among various energy storage systems, rechargeable lithium-ion batteries have 
emerged to be one of the most promising energy storage technologies for various 
applications due to their compact and flexible design, prolonged life time, high 
working voltage (~4 V) and high energy density ranging between 140-180 Wh/kg [5]. 
Therefore, lithium-ion batteries are being widely used as the main energy storage 
system for current commercial portable electronic devices (accounting for 63  
% of worldwide sales in portable batteries [6]), such as laptop and tablet computers, 
mobile phones, music players and digital cameras. They are also considered as 
potential energy storage systems for large scale applications such as electric vehicles 
(EVs), hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs) 
[5] as well as smart grid storage for renewable energy in the future.  In fact, in recent 
years, much effort is being devoted to the development of lithium-ion batteries for EVs, 
HEVs and PHEVs applications since these vehicles can reduce greenhouse gas 
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emissions and the reliance on fossil fuels. Figure 1.1 shows the Ragone plot (specific 
energy (Wh/kg) versus specific power (W/kg) for various energy storage and 
conversion systems [7]. This figure suggests that lithium-ion batteries are superior to 













Figure 1.1: Ragone plot (specific energy, Wh/kg versus specific power, W/kg) of 
various electrochemical energy storage and conversion devices (Reprinted with 
permission from [7]. Copyright 2008, American Institute of Physics.)  
 
In spite of the success of lithium-ion batteries in the portable electronic devices, 
current lithium-ion batteries can only meet the requirements of a limited number of 
commercial applications. Therefore, the search for better performance lithium-ion 
batteries is highly crucial and it covers in all aspects of lithium-ion batteries, including 
the development of environmentally friendly electrode (cathode and anode) materials, 
electrolytes, battery system design and thermal management. Notably, most of these 
efforts are focused on the development of the electrode materials, particularly cathode 
materials since they play a dominant role in increasing the total energy density of the 
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overall battery system [7-9]. In addition, challenges remain for obtaining high power 
density (high charge/discharge rate), prolonged cycle life and improved safety 
operation. From these perspectives and the fact that the anode materials being used 
currently have relatively high capacity, the development of nanostructured cathode 
materials is expected to be the most promising approach towards addressing the above-
mentioned challenges in lithium-ion batteries [10, 11].  
Current commercial lithium-ion batteries utilize LiCoO2 as the cathode 
material. Nevertheless, this material is unstable, toxic and expensive. Much efforts 
have been devoted in recent years to search for alternate cathode materials. In this 
aspect, phosphate-based polyanion compounds have emerged as the potential 
replacement cathode materials, owing to their good safety and competitive energy 
density. However, most of the phosphate-based polyanion compounds are poor 
electronic conductors, which restrict their high power applications. Therefore, this 
thesis is directed towards addressing the problems of improving the energy storage 
performances of some potential phosphate-based cathode materials such as LiFePO4, 
α-LiVOPO4, α-Li3V2(PO4)3 and LiFe1/3Mn1/3Co1/3PO4 for future high power lithium-
ion battery applications through nanostructuring approaches.  
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Chapter 2: Literature Review 
 
2.1 Definitions, Thermodynamics and Kinetics Aspects of Battery 
A battery is a device that converts the chemical energy of its active materials 
directly into electric energy by electrochemical redox (oxidation-reduction) reactions 
[1]. It consists of one or more electrochemical cells (basic electrochemical unit) which 
are connected in series or parallel, or both in order to provide the desired output 
voltage and capacity. The cell essentially comprises of three major components: 
 
1. The cathode (positive electrode) supplies lithium upon charging. The cathode is 
oxidizing electrode which receives electrons from the external circuit and is reduced 
during the electrochemical reaction.  
 
2. The anode (negative electrode) stores lithium upon charging. The anode is 
reducing electrode which releases electrons to the external circuit and is oxidized 
during the electrochemical reaction. 
 
3. The electrolyte is electronically insulating and ionically conductive material 
which provides the medium for charge (ion) transfer inside the cell between the anode 
and cathode.  
 
The reactive components (“active materials”) of a battery are commonly stored within 
the electrodes.  During the charging of the battery, the active material in the cathode is 
oxidised, releasing electrons to the external circuit, whereas the anode is reduced, 
accepting electrons from the external circuit. The ions within the battery are transferred 
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through the electrolytes. These processes are reversed when the battery is discharged.  
As a result, the battery generates a continuous flow of electrons or electric current. The 
electrical energy that a battery produces is expressed either per unit of weight (Wh/kg) 
or per unit volume (Wh/l). 
During the electrochemical cell operation, the chemical energy is transformed 
into electrical energy due to the movement of the electric charged particle (in this case 
electrons) through the external circuit which produces a potential difference or voltage, 
E or electromotive force (EMF). The quantity of the electric charge transfer, Q is 
directly proportional to the change of mass of an electrode material (Δm) during the 
electrochemical reaction. This phenomenon is known as Faraday's 1st Law [1-10] and 
can be expressed as below.  
 
 
Q     z 
Δm
 
                                                                                                                                  2.1 
 
 
where z is the number of electrons involves in the stoichiometric reaction, M is the 
molecular weight and F is the Faraday constant (96496 C/mol or 26.8 Ah/mol). The 
maximum electrical energy (or electric work, W) that can be produced from the 
electrochemical reaction is the product of the potential difference (ΔE) and the charge 
transfer, Q.  
 
 
      QΔE                                                                                                                                      2.2 
 
 
This electrical energy corresponds to the change of Gibbs free energy, ΔG which 
represents the net available electrical energy obtained from the electrochemical 
reaction of the cell [1-10]: 
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ΔG             QΔE                                                                                                                      2.3 
 
ΔG      n ΔE                                                                                                                                2.4   
 
ΔGo     n ΔEo       (standard conditions                                                                                 2.5 
 
 
where n is the number of moles of electrons involves in the reaction. When the 
reaction condition deviates from the standard conditions (1 M concentration of ions in 
the electrolyte at a temperature of 25 °C and a pressure of 1 atm), Nernst equation is 
applied to calculate the voltage of the cell [1-10]. In general, for a typical cell reaction: 
 
 
                                                                                                                        2.6 
 
 
where C and D are the products of reactants A and B, respectively whereas the value of 
a, b, c and d represents the stoichiometric coefficient of the chemical reaction. The 
reaction quotient, N is given by 
 
 
      
         
         
                                                                                                                           2.7                                                                                                
 
 
It is known that   
 
 
G     Go     RT ln                                                                                                                       2.8  
      
ΔG      -n ΔE                                                                                                                               2.9        
 
   n ΔE       n ΔEo    RT ln                                                                                              2.10 
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where R is the gas constant (8.314 J/molK), T is the temperature (in K) and F is the 
Faraday constant (96496 C/mol). Hence, the final derived Nernst equation can be 
given as below: 
   
       




         
         
                                                                                  2.11 
 
 
Thermodynamics governs the electrochemical reaction at equilibrium condition 
and the maximum electrical energy that can be delivered from an electrochemical 
reaction. The derived electrode potential based on thermodynamics principles can 
provide us the information about the theoretical voltage and the feasibility for the 
occurrence of a cell reaction. However, the obtained operating voltage for a 
functioning cell is usually always lower than the theoretical voltage due to polarization 
(voltage drop off or overpotential) and resistance losses (IR drop, where I is the current 
and R is the cell resistance) of the battery [11]. Polarization arises when the electrode 
is not at equilibrium due to the kinetic limitations of reactions at the electrode, 
including charge transfer and charge transport reactions which will affect the battery 
performances. In general, three different types of kinetics can influence the 
polarization [10]. 
 
1.  Activation polarization is related to the kinetics of the electrochemical redox 
(or charge-transfer) reactions taking place at the electrode/electrolyte interface of 
anode and cathode. 
 
2. Ohmic polarization is associated with the resistance of individual cell 
components and the resistance at the contacts between the cell components. It arises 
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from the resistance of the electrolyte, the conductive diluent, and materials 
construction of the electrodes, current collectors, terminals, and contact between 
particles of the active mass and conductive diluent or from a resistive film on the 
surface of the electrode. 
 
3. Concentration polarization is attributed to mass transport limitations during 
cell operation. For example, as the electrochemical reactions proceed, there will be 
insufficient diffusion of the active species or changes of the available active species at 
the electrode/electrolyte interface to supersede the reacted material in order to sustain 
the reactions.  
 
Figure 2.1 shows the typical discharge curve of a battery which is influenced by 













Figure 2.1: The influence of different types of polarization to a typical discharge curve 
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2.2 Metrics and Characteristics of Battery 
In order to understand the properties and the differences of various battery 
systems and to evaluate their performances, it is necessary to understand several 
properties, metrics and characteristics of batteries [1, 11-13]. 
 
1. Theoretical capacity - The theoretical capacity of a battery is the total quantity 
of electricity involved in the electrochemical reaction or stored in the battery and it is 
determined by the amount of active material in the battery. It is conventionally defined 
as coulombs (C), ampere-h (Ah), watt-h (Wh), or equivalent units. A battery with 1 Ah 
capacity can supply a current of 1 A for 1 h or 0.5 A for 2 h. 1 Ah is equivalent to 3.6 x 
10
3
 coulombs of electrical charge. The battery capacity can also be expressed as 
ampere-h/mass (Ah/kg), which is often known as battery specific capacity. The 
theoretical specific capacity (Cspecific) of an individual electrode material can be 
calculated using following equation based on Faraday’s 1st  Law: 
 
 
  p  i i       
n 
 
       h kg                                                                                            2.12 
 
 
where n is the number of moles of electrons involves in the reaction, F is the Faraday 
constant and M is the molecular weight of the material. 
 
2.   Energy density - The theoretical capacity of a battery can be expressed on 
energy basis in Wh by multiplying the battery capacity in ampere-hour with the battery 
operating voltage. To calculate the theoretical energy density (εw) of a battery, it 
involves the determination of the standard voltage of the cathode/anode system under 
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thermodynamic equilibrium condition and the total formula masses of the cathode and 
anode materials (ΣiMi) in the reaction which leads to the transfer of n electrons:  
 
 
εw    
n 
Σi i
        kg                                                                                                                 2.13                                                                                             
 
 
As a result, when cathode and anode materials with the storage capacity Cc and Ca are 
combined, the theoretical energy density of the battery can be calculated as below: 
 
 
εw      
    
     
       h kg                                                                                                      2.14 
 
 
From this equation, the voltage and the electrode material with the lower storage 
capacity together determine the battery energy density. The energy density is a 
measure of the total energy that a battery can store. It is the area under the curve for the 
plot of the voltage versus the capacity of the battery. A battery with higher energy 
density can provide a longer runtime.  
 
3.   Power density - The power density is used to describe the high current 
operation (or high rate) capability of a battery. A battery with high power density is 
able to provide large amount of energy in a short time and it is usually required for 
large acceleration or high speed applications. The power density can be determined 
through the ratio of energy density and the discharge time of battery. It indicates the 
maximum power (product of the cell voltage and current operation) that can be 




4.  C rate - The charging or discharging rate of a battery is defined in terms of its 
total storage capacity in Ah or mAh. Thus, a 1C rate means transfer of all of the stored 
capacity (or energy) in one hour; 2C means full transfer of the stored capacity in 30 
minutes, and so on. 
 
5. Coulombic efficiency - The ratio (expressed as a percentage) between the 
energy extracted from a battery during discharge to the energy consumed during 
charging. 
 
2.3 Classification of Battery 
In general, batteries can be classified as primary (non-rechargeable) or 
secondary (rechargeable) batteries depending on their capability of being electrically 
recharged [1, 10, 14-16]. Table 2.1 shows the common commercial primary and 
secondary battery systems [10]. A primary battery is a type of battery in which its 
electrochemical reaction is irreversible. It is designed for one time use and discharged 
only once. Once the reacting compound in the cell is fully consumed during discharge, 
the battery will be disposed. Primary batteries are inexpensive, lightweight and 
convenient for handling. They have good shelf life, high energy density at low to 
moderate discharge rates and require little maintenance. Typical examples of primary 
batteries are zinc-carbon, zinc-silver oxide and zinc- alkaline manganese dioxide. They 
are the power sources of flashlights, photographic equipments, watches, toys, radios, 
memory back up, and portable electronic and electric devices. 
Unlike primary battery, the electrochemical reaction in secondary battery is 
reversible and the battery is electrically rechargeable after it is discharged. After the 
battery is discharged, the battery is recharged through an externally applied electrical 
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current which forces a reversal of the electrochemical process; as a result, the reactants 
exist in their original form again and the stored electrochemical energy can be used 
again. Secondary battery has the advantages of high power density, high discharge rate, 
flat discharge curves, good low temperature performances and cost-efficient over long 
term applications. However, the energy density and charge retention are generally 
lower than the primary battery. Furthermore, special handling, containment and 
disposal are required for this type of battery since it contain reactive (less stable) 
chemicals.  
 
Table 2.1: Common commercial battery systems (Reprinted (adapted) with permission 
from [10]. Copyright 2004 American Chemical Society.) 
 
Common Name Nominal 
Voltage (V) 
Anode Cathode Electrolyte 
 
Primary     
Leclanche  ´
(carbon-zinc) 




1.5 Zinc foil Electrolytic MnO2 aq ZnCl2 
Alkaline   1.5 Zinc powder Electrolytic MnO2 
  
aq KOH 
Zinc-air   1.2 Zinc powder Carbon (air) aq KOH 
Silver-zinc 1.6 Zinc powder Ag2O aq KOH 
Lithium-manganese 
dioxide 














Rechargeable     
Lead acid   2.0 Lead PbO2 aq H2SO4 
 
Nickel-cadmium 1.2 cadmium 
  
NiOOH   aq KOH 















In nonaqueous solvents. Exact composition depends on the manufacturer, usually propylene carbonate-
dimethyl ether for primary lithium batteries and ethylene carbonate with linear organic carbonates such 




Most modern secondary batteries are based on the safe storage of the smallest 
energy carriers: hydrogen and lithium ion [17]. The most common secondary batteries 
which have been developed based on this concept are nickel-metal hydride (Ni-MH) 
batteries and lithium-ion batteries. Prior to the commercialization of Ni-MH and 
lithium-ion batteries, the applications of lead acid rechargeable batteries are 
particularly limited to stationary energy storage systems and starting, lighting and 
ignition (SLI) in transportations or automobiles, whereas nickel-cadmium (Ni-Cd) 
batteries are mainly used for high power applications in power tools. Since cadmium is 
a toxic material, Ni-Cd batteries are quickly superceded by Ni-MH batteries due to 
their better stability, lighter weight and higher energy storage capability than Ni-Cd 
batteries. To date, Ni-MH batteries remain the battery of choice for hybrid gasoline-
electric vehicles applications. 
Table 2.2 shows the comparison of performances for various rechargeable 
batteries [18] and Figure 2.2 highlights the relationship of volumetric and gravimetric 
energy density for the respective rechargeable batteries technologies [19]. Lihium-ion 
batteries offer the best option for future battery technology development over existing 
battery systems due to their light weight, high energy and power density and better 
design flexibility. Although lithium-ion batteries are now dominating portable 
electronics markets, the ever growing consumer demands for lighter, smaller/thinner  
(miniaturization of the devices), higher capacity and shorter charging time without 
undermining the usable life of the batteries have spawned intense research and 
development to improve their energy and power density. In addition, their utilization 
for automobile applications and renewable energy storage applications are impeded by 
high cost, safety hazards, energy and power density challenges. In response to these 
advanced technology applications, the next generation lithium-ion batteries should 
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improve their energy density, power density, safety, cycling stability and reliability 
while minimizing their volumetric and mass constraints. 
 
Table 2.2: Comparison performances of various rechargeable batteries [18] 
 
 Lead-acid Ni-Cd Ni-MH Li-ion 
Normal Voltage, V 2.1 1.2 1.2 3.6 
Specific Energy, Wh/kg 30-33 50-57 65-70 100 
Specific Energy, Wh/l 60 150 200 230 
Specific Power, W/kg 130 200 250 330 
Energy Efficiency, % 65 80 85 95 
Cycle Life, times 400-500 500-1000 560-800 1000 
Environmental Hazard Medium Low Medium High 
Safety Medium High High Low 
Cost Low Low Medium High 
Self-discharge, %/month 3 % 25-30 % 30-35 % 5 % 
Memory Effect (Voltage 
Depression) 











Figure 2.2: Ragone plot of various rechargeable batteries as a function of volumetric 
and specific energy density. The arrows indicate that the direction of battery 
development is to reduce the size and the weight of the battery [19]. Reproduced by 































2.4 Global Battery Market 
Figure 2.3 shows the revenue contributions by different battery technologies in 
2009. The global battery market was estimated around $47.5 billion in 2009 and the 
battery revenue is expected to increase to $74 billion in 2015 due to the increasing 
demand from various portable electronic devices [20]. These projected revenues 
include batteries for electric transportation. In particular, lithium-ion batteries 
accounted 37 % of the global battery market share in 2009. The demand for electric 
transportation is anticipated to grow tremendously in the near future. In 2009, the 
estimated global market for HEVs and PHEVs batteries was approximately $1.3 













Figure 2.3: Revenue contributions by different battery technologies in 2009 (courtesy 
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2.5 Lithium-ion Batteries 
Lithium (Li) is a soft, silver-white appearance alkali metal which possesses 
several unique properties such as low density (0.534 g/cm
3
) with equivalent weight of 
M = 6.94 g/mol (the lightest metal), high electrochemical potential (the most 
electropositive metal (-3.04 V versus standard hydrogen electrode)) and large specific 
capacity (3860 Ah/kg) [22-24]. These unique properties make lithium an attractive 
high energy density battery storage system [25, 26].  
Exxon Company (USA) manufactured the first commercial secondary lithium 
batteries in the 1970s using LiTiS2 as cathode material. In 1980, lithium batteries with 
LiMoS2 cathode material were commercialized by Moli Energy (Canada, now E-One 
Moly Energy Ltd.). A few years later, Taridan (Israel) commercialized Li0.3MnO2 
cathode lithium batteries. These lithium batteries utilized lithium metal foil as the 
anode and liquid organic as the electrolytes. The energy density of Li-MoS2 and Li-
MnO2 battery is 61 Wh/kg and 230 Wh/kg, respectively. However, the Li-TiS2 and Li-
MoS2 battery systems are not available now in the market due to their short cycle life 
whereas for the Li-MnO2 battery systems, they suffer from safety issues due to the 
high reactivity of lithium metal with the electrolyte. In addition, the pure lithium metal 
anode material can cause the formation of lithium dendrites during charging which can 
lead to short circuit and safety problems.  
Since lithium metal is inherently unstable, several approaches are explored by 
the battery research communities either to modify the electrolyte or the anode [27-29]. 
As a result, Nippon Telegraph and Telephone Corporation commercialized a AA-size 
lithium battery with a LiV2O5 cathode and a Li-Al alloy anode which is used until 
today [30]. This battery has energy density of 64-135 Wh/kg and cycle life of 150-400 
cycles. The most efficient rechargeable battery is the lithium-ion battery based on 
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LiCoO2 cathode and carbon (graphite) anode materials (LiCoO2/C rocking-chair cell) 
which were introduced by John B. Goodenough in 1979 [31, 32]. This type of lithium-
ion battery was successfully commercialized by Sony Corporation in 1991 [30] and 
now dominates the majority of current portable electronic devices.  
 














Figure 2.4: Schematic illustration of the operating mechanism for lithium-ion battery. 
Solid line arrows show the movement of lithium ions between electrodes whereas the 
dashed line arrows show the electron transport through the complete electrical circuit 
during charge (blue) and discharge (red) states [19]. Reproduced by permission of The 
Royal Society of Chemistry (http://dx.doi.org/10.1039/B904116H) 
 
The typical lithium-ion batteries consist of LiCoO2 cathode and graphite anode 
and they operates in the voltage ranges around 2.9-4.2 V (Figure 2.4) [33, 34]. 
Lithium-ion batteries are also known as swing batteries or rocking chair batteries due 
to the two-way movement of lithium ions between anode and cathode through the 
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electrolyte during the charge and discharge processes [35].  The working principles of 
lithium-ion batteries are based on the reversible insertion/extraction reaction of lithium 
ions for both cathode and anode electrodes in a non-aqueous liquid organic electrolyte. 
The electrolyte is a lithium salt (such as lithium hexafluorophosphate (LiPF6) or 
lithium tetrafluoroborate (LiBF4) in an aprotic solvent mixture containing ethylene 
carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC) or other alkyl 
carbonate solvents [34]. The electrolyte should have good ionic conductivity property 
and it must be stable within the specified voltage window during the battery operation 
[36] .   
When a lithium-ion battery is charged, the cathode material is oxidized and the 
anode material is reduced. During charging, lithium ions are extracted (de-intercalated) 
from LixCoO2 (0.5 < x < 1.0) cathode and inserted (intercalated) into the graphite 
anode through the electrolyte to form LiC6 while electrons flow in the reverse direction 
through the external circuit (Figure 2.4) [37, 38]. During the discharge operation, the 
reverse occurs. Thus, the lithium ions
 
shuttle between these two electrodes during 
charge-discharge cycling, facilitated by the layer-type structure of the electrodes. The 
electrochemical reactions can be illustrated as below. 
 
                                                            
 
 
Cathode:  LiCoO2                          Li1-xCoO2  +  xLi
+
  +  xe
-
        2.15 
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This type of lithium-ion battery can provide energy density around 140-180 Wh/kg 
[39]. Furthermore, it demonstrates excellent cyclic performances (more than 3000 
cycles) and high Coulombic efficiency (95 %) [38]. It is the most widely used battery 
system in current commercial portable electronic devices. Figure 2.5 shows the typical 











Figure 2.5: Typical charge and discharge profiles of (a) LiCoO2/Li and (b) graphite/Li 
cells. Specific capacity of graphite in (b) is reduced by 0.5 times. Reprinted from 
Publication [40], Copyright 2007, with permission from Elsevier [OR APPLICABLE 
SOCIETY COPYRIGHT OWNER]. 
 
 
In general, the voltage, capacity and energy density of lithium-ion batteries are 
related to the intrinsic properties of the cathode and anode materials [34]. The cycle 
life, lifetime, and safety of the lithium-ion batteries are highly dependent on the nature 
and stability of the electrode/electrolyte interface as well as the stability of the 
electrode structures [24]. Therefore, the search for the best-performing combination of 
anode - electrolyte - cathode can be fulfilled only through the selective use of existing 
and new materials as anode and cathode electrodes, and of the suitable electrolyte 


























Figure 2.6: Voltage versus capacity for some of the prospective cathode and anode 
materials for rechargeable lithium-based cells. Reprinted by permission from 
Macmillan Publishers Ltd: Nature [24], copyright 2001 
 
 
2.6 Nanostructured Electrode Materials for Lithium-ion Batteries  
Since the performances of the lithium-ion batteries highly depend on their 
electrode materials, significant improvement on energy density, power density, safety, 
cost reduction, durability and cycle life of the electrode materials are extremely 
important. To achieve the key requirement of high specific energy density for future 
lithium-ion batteries applications, the electrodes should meet these criteria [41]: (1) a 
high specific charge and charge density (a high number of available charge carriers per 
mass and volume unit of the material); (2) a high cell voltage, resulting from a high 
(cathode) and low (anode) standard redox potentials of the respective electrode redox 
reaction; and (3) a high reversibility of electrochemical reaction. 
In another aspect, since the storage mechanisms for current lithium-ion 
batteries are based on insertion/deinsertion of lithium ions into/from the electrode host 
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structure, most of the lithium-ion batteries encounter the kinetic problems of the 
electrode materials associated with sluggish ionic and electronic transports which 
hinder their high power performances. As a result, rapid lithium ion and electron 
diffusions are mandatory to achieve the high rate capability of lithium-ion batteries.  
One foreseeable strategy to enhance their rate performances is through the innovation 
of materials engineering to tailor the electrode materials in nanostructures via 
nanotechnology approach [42]. The properties of the electrode materials in 
nanostructured form are significantly different from their bulk counterparts. Proper 
control of the properties and particle sizes through synthesis conditions of the 
nanostructured electrode materials can enhance their surface-to-volume ratio and 
reduce the transport length for both lithium ions and electrons, and thus improve the 
electrodes kinetic properties.  
Nanostructured materials can be defined as those materials whose structural 
elements - clusters, crystallites or molecules - have dimensions in 1 to 100 nm range 
[43]. Nanostructured electrode materials for lithium-ion batteries can offer several 
advantages [42, 44-49]: 
 
1.  Short lithium ion diffusion path contributes to faster 
intercalation/deintercalation process, which results in higher specific power and better 
electronic and ionic conductivities. This helps to resolve the inherent kinetic problems 
(slow lithium ion and electron diffusions) in poor ionic and electronic electrode 
materials as well as enhance the lithium storage kinetics. In solid state chemistry, the 
mean diffusion (or storage) time for the diffusion of lithium ions in the electrode 
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where L is the diffusion length and D  is the diffusion coefficient. One approach to 
mitigate the kinetic problems is to increase D by doping the electrode materials. 
Although this approach can improve mixed conduction, only slight improvement in the 
rate performances can be obtained and crystal structure stability problems often arise. 
Thus, the most feasible way to improve the transport kinetics of the lithium ions and 
electrons is through the reduction of diffusion length, the nanostructuring approach.    
 
2. High surface area and surface energy offer more electrode/electrolyte contact 
area (enhance electrode/electrolyte wettability), which allows more accessible lithium 
ion intercalation/deintercalation sites leading to higher charge/discharge rate and 
power capability.  
 
3. Nanostructured electrodes can easily accommodate the changes of structures 
(phases), volumes, strains/stresses and allow better mechanical integrity during lithium 
ion insertion/extraction cycling process and thus, improve their structural and cycling 
stability. 
 
4. Nanostructured electrode materials introduce new and interesting lithium 
storage mechanisms such as conversion mechanism, surface and interfacial lithium 
storage mechanisms for some transition metal oxide materials which will be beneficial 




On the other hand, the high electrode/electrolyte surface area of the 
nanostructured materials can pose a risk to side reactions with the electrolyte and lead 
to electrolyte decomposition problem. This will further lead to low columbic efficiency 
(irreversibility of charging and discharging processes) and inferior cyclic performances. 
The nano-sized particles may also suffer from low thermodynamic stability due to their 
very high specific surface area and hence, high surface energy that tends to form 
agglomerates. In addition, nanostructured materials often encounter poor packing 
density since they generally have lower density than bulk materials. Thus, this will 
reduce their volumetric energy density.  
Several strategies have been proposed to engineer the nanostructured electrode 
materials with good thermodynamic and kinetic stability for improving their 
electrochemical performances such as forming self-assembled nano/micro materials 
[51] which constructed from nanometer-sized building blocks of nanoparticles (zero 
dimension) [52, 53], nanotubes/nanowires (one dimension) [54, 55] and nano films 
(two dimensions) [39, 56]; nanostructured composites [57, 58]; nanostructured 
mesoporous materials [59-61] and surface coating [62]. Among these innovation 
strategies, the formation of nanostructured mesoporous materials with conductive 
coating on top of their surface that provides three-dimensional conducting networks 
[60, 61] would be the ideal strategy for improving the performances of the electrode 
materials. 
 
2.6.1 Mesoporous Materials 
The insertion-type of electrode materials undergoes lithium intercalation and 
deintercalation processes when a lithium-ion battery is under operation. Therefore, 
many efforts have been made in developing highly porous nanostructured electrode 
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materials with high specific surface areas readily accessible to electrolytes containing 
lithium ions [44, 45, 48, 59]. The large surface area can ensure the high 
electrode/electrolyte contact area, offer more active sites for the electrochemical 
reactions and surface lithium storage, shorten the transport length for lithium ions 
(enhance the transport kinetic) and enable the easy transferring of lithium ions across 
interfaces through diffusion between electrode and electrolyte.  
Pores in a porous material can be classified as micropores (pore size 0-2 nm), 
mesopores (pore size 2-50 nm) and macropores (pore size >50 nm) (IUPAC 
classification [63]). In particular, nanostructured mesoporous electrode materials are 
highly favoured in lithium-ion batteries due to their large surface area and their pore 
sizes of 2-50 nm can be easily accessible to the mobile ions in the organic electrolyte 
[64]. The electrolyte-filled pores can effectively serve as good conducting paths (ionic 
wiring) for lithium ions. In contrast, even though microporous materials have high 
surface area, their micropore sizes (0-2 nm) have restricted diffusion and molecular 
sieve effect [64, 65]. Furthermore, the sizes of micropores are too small and mostly not 
accessible to electrolytes ions, especially the solvent ions in non-aqueous organic 
electrolytes [65].  
 In actual applications, although nanostructured mesoporous materials can 
improve the lithium ion transfer between the electrode and electrolytes through the 
ionic wiring, the rate performances are still considerably poor as the nanostructured 
mesoporous materials with particle sizes in nanometer ranges alone may not 
effectively reduce the transport length for electron to the current collector, especially if 
the pore walls or the nature of the materials are intrinsically poor electronic conductor 
[48]. Since nanosize materials tend to form agglomerates due to their large surface area 
and surface energy, the transport length for the electron (Le) is still considered higher 
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than their particle size (2r) (Figure 2.7) [66]. In addition, the resistance of the whole 
electrode materials will increase due to the contribution from the interfacial resistance 
of the nanoparticles.      
Therefore, electronic wiring through conductive coating on top of the surface 
of each nanoparticles has to be introduced in order to improve the electron charge 
transfer. The surface of the nanoparticle has to be fully coated with a thin conductive 
layer to effectively shorten the transport length of the electron. Such structures enable 
electrons to completely pass along the outer surface of each nanoparticles and reduce 
the electronic transport length (Le) across the active material, with Le either equal to or 
less than the particle size (2r) of the nanoparticles (Figure 2.8) [66]. In addition, the 














Figure 2.7: Schematic illustration of the electronic transport length (Le) for 
nanoparticles in electrode [66] - Reproduced by permission of The Royal Society of 
Chemistry (http://dx.doi.org/10.1039/C0NR00068J) 
 






















Figure 2.8: Schematic representation of the electronic transport length for 
nanoparticles with full conductive coating [66] - Reproduced by permission of The 
Royal Society of Chemistry (http://dx.doi.org/10.1039/C0NR00068J) 
 
Several conductive coating materials such as carbon, RuO2, Ag, Fe2P, Al2O3 
and others have been introduced in electrode materials with the aim to improve their 
electronic conductivity. In particular, carbon coating is one of the most effective 
coating materials for various electrode materials, since carbon is cheap and it can 
significantly enhance the electronic conductivity of electrode materials and result in 
improved high rate performances and cycleability [67]. Extensive studies are ongoing 
to further understand the surface structures of various coating materials, the properties 
of their surface chemistry and the relation between these properties and the 
electrochemical performances of the electrode materials. 
The strategy to form nanostructured mesoporous materials combining with 
conductive coating effect have been demonstrated in TiO2 anode material. Yu et al. 
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grain size ca. 7 nm, pore size ca. 3-30 nm, BET specific surface area ca. 131 m
2
/g, 
porosity ca. 48 %) which showed superior high rate capability when used as a anode 
material for lithium-ion batteries. In their study, a highly lithium permeable TiO2 
material was obtained by introducing a hierarchical, self-similar mixed conducting 
three-dimensional network (Figure 2.9). The nanoscopic network structure was 
composed of a dense net of metalized mesopores that allowed both lithium ions and 
electrons to migrate. This network, with a mesh size of about 10 nm, was 
superimposed by a similar net on the microscale, formed by the composite of the 
mesoporous particles and the conductive admixture. Their study found that  at the very 
high rate of 30C, the specific charge capacity of the mesoporous TiO2 : RuO2 
nanocomposite was 91 mAh/g, which was about two times larger than that of 5 nm 
TiO2 (48 mAh/g) and nine times larger than that of mesoporous TiO2 spheres (10 













Figure 2.9: Schematic illustration of the hierarchical three-dimensional mixed 












Later, Saravanan et al. [61] produced mesoporous TiO2 materials (BET specific 
surface area ca. 135 m
2
/g) with superior reversible capacity (107 mAh/g at 30C) 
without conductive surface layers. The storage performance of the as-prepared 
mesoporous TiO2 was nearly five times better than the commercially available TiO2 
nanopowder. They attributed the excellent high rate storage performance of the 
prepared mesoporous TiO2 materials to the unique character of micrometre-sized 
mesoporous TiO2 aggregates with highly interconnected nanograins of 15-20 nm that 
facilitate conduction of electrons. 
 
2.7 Classification and Synthesis of Nanostructured Electrode Materials 
Various synthesis strategies can be adopted to prepare nanostructured materials 
[68]. Through the innovation of synthesis methods and materials engineering, different 
types of structures and morphologies of nanostructured electrode materials can be 
obtained. In fact, different synthesis methods and conditions can significantly affect 
the crystalline phase formation, purity, particle size and morphology of the obtained 
electrode materials and eventually influence their electrochemical performances. 
Therefore, it is very important to choose a suitable synthesis strategy and to optimize 
the synthesis process in order to tailor the electrode material with desirable properties. 
Basically, these synthesis strategies can be categorised into solid state and solution 
chemistry methods (Figure 2.10). In this section, a brief overview of different 










































Figure 2.10: Typical routes for producing nanostructured electrode materials using (a) 




2.7.1 Solid State Chemistry Method 
The most common solid state methods to prepare nanostructured electrode 
materials are solid state reaction, mechanochemical activation, carbothermal reduction 
and microwave heating. 
 
1. Solid state reaction - Solid state reaction is a conventional method for 
preparing electrode materials. Generally, this method involves grinding/milling of the 
starting precursors followed by heat treatment at 300-400 °C to decompose the starting 
mixture and expel gases [69, 70]. Then, the obtained powders are subjected to re-
grinding process with or without addition of carbon source and/or pelletizing process 
before final calcination process at temperature above 600 °C [69]. Solid state reaction 
is easy to scale up but it has the drawback of high energy utilization and large particle 
size (micrometer range) product due to the high calcination temperature and long 
calcination time. Nevertheless, nano-size particles still can be obtained by adding 
carbon nucleating inhibitor.  
 
2. Mechanochemical activation - Mechanochemical activation is basically 
referring to high energy solid state ball milling method for preparing powder materials. 
During the mechanochemical activation process, the particles of the powders undergo 
repeated welding, fracturing and rewelding processes [70]. These processes eventually 
lead to the pulverization and intimate mixing of the powders as well as the formation 
of new phases through solid state diffusion reaction. It can be consequently used to 
produce powder materials with small particles size and high surface area. High energy 
ball milling, however, has a major drawback of introducing impurity/contamination 
which arises from the milling medium.  
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3. Carbothermal reduction - Carbothermal reduction is a high temperature 
reduction and high endothermic reactions which use carbon source as the reducing 
agent [23, 70]. This method is very suitable to produce Fe(II) based compound from 
the cheap Fe(III) precursors. In general, this synthesis method involves two steps [23]: 
(a) ball milling a stoichiometric mixture of starting precursors and reducing agent for 
2-4 h and (b) calcining the mixtures at temperatures around 550-850 °C for 8-10 h 
under inert condition.  
 
4. Microwave heating - Microwave heating is based upon the ability of a 
material to absorb electromagnetic energy directly and to be heated through a 
molecular level self-heating process [23, 71]. Thereby, the selection of starting 
precursors should be good microwave susceptor. Microwave heating has the 
advantages of offering rapid and uniform heating. In addition, the desired materials can 
be prepared at a temperature lower than those required for conventional furnace 
heating within a very short period of time [72, 73].  
 
Currently, companies such as A123 Systems Inc. [74] and Valence Technology  
[75, 76] adopt solid state synthesis method to produce LiFePO4 cathode material. Solid 
state chemistry methods are simple to use, but they are time and energy consuming. 
They usually result in large particle size and sometimes show considerably inferior 
electrochemical performances. Solution chemistry methods has thereby emerged as a 
new strategy for synthesis of nanostructured materials since they can provide smaller 
and more uniform particle size, easier control of particle size, higher purity, better 
homogeneity and mixing of the starting compounds at molecular level, more 
homogeneous carbon coating and better electrochemical performances.  
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2.7.2 Solution Chemistry Method 
In general, solution chemistry methods include hydrothermal/solvothermal 
method, sol-gel method, spray pyrolysis, co-precipitation, microemulsion drying, ionic 
liquid (ionothermal method), and template method. 
 
1. Hydrothermal/solvothermal method - Hydrothermal is a chemical process 
that occurs in an aqueous solution (water) of mixed precursors at a temperature above 
the boiling point of water [23].  The autogeneous pressure of the water during the 
process exceeds the ambient pressure, which is favourable for the crystallization of 
final products [77]. This process occurs in a sealed autoclave where the reactants and 
products can be effectively isolated from oxidation and volatilization. Solvothermal 
operates on a similar principle to the hydrothermal process except that it uses non-
aqueous solvents (organic solvents) as the reaction medium. Depending on the solvents, 
types of materials and preparation conditions, the typical operating temperatures for 
hydrothermal/solvothermal process are around 100-300 °C [78]. In comparison to 
conventional hydrothermal or solvothermal process which generally requires long 
reaction times (5-24 h), microwave-assisted solvothermal process can offer shorter 
reaction times (5-15 minutes) at temperatures less than 300 °C [69, 79, 80]. 
 
2. Sol-gel method - Sol gel method is a low temperature wet chemical synthesis 
technique for preparing various metal oxides and other compounds. Standard sol-gel 
synthesis involves the formation of a sol (a stable colloidal suspension of solid 
particles (1-100 nm) in a solvent) and the gelation of the sol to form a gel consisting of 
interconnected rigid skeleton with pores (submicrometer dimensions) made of 
colloidal particles [23, 70]. To obtain the final powder, the solvent needs to be dried by 
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evaporation followed by calcination at temperature 500-700 °C. Sol-gel method not 
only allows homogeneous mixing of precursors at molecular level, it also offers 
several advantages such as inexpensive, low processing temperature, precise control of 
composition and stoichiometry, high purity, uniform structure, and very small particle 
size [23]. Moreover, this technique is favourable in forming nanostructured porous 
materials, in situ surface carbon coating and allowing easy control of the thickness of 
carbon coating [81].  
 
3. Precipitation method - Precipitation is an easy control solution-based method 
which can produce powder with good crystallinity, high purity, good homogeneity and 
optimum particle size [23, 70]. The desired crystalline material can be prepared by 
aqueous co-precipitation of starting precursors within a suitable range of pH values 
[69]. Water-miscible boiling point elevation additives, for examples ethylene glycol, 
diethylene glycol, N-methyl formamide, dimethyl formamide or dimethyl sulfoxide 
needs to be added into the solution [70]. The desired compound starts to precipitate 
once the solution temperature reaches the boiling point of the solvent. After that, the 
precipitates are filtered, washed, and dried before heat treatment. Carbon sources such 
as polyvinyl alcohol [82] and graphene [83] can be added into the co-precipatation 
process for forming conductive carbon coating.  
 
4. Spray pyrolysis - Spray pyrolysis is an effective method to prepare ultrafine 
powder with uniform morphology based on the atomization of a solution containing 
precursor colloidal particles [23, 84]. In this process, the starting stoichiometric 
precursors solution are sprayed ultrasonically [85] or peristaltically [86] into a high-
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temperature reactor at a particular temperature by a carrier gas. Carbon source can also 
be added during spray pyrolysis to form carbon coated composites. 
 
5. Microemulsion drying - Microemulsion solution is a thermodynamically 
stable liquid mixture consisting of water, oil, and emulsifying agent that stabilizes the 
microemulsions [82, 87, 88]. Microemulsion can act as microreactor for preparing the 
desired powder during microemulsion drying process. In this process, the starting 
stoichiometric ratio of aqueous precursor solution is mixed with kerosene (oily phase). 
Then, the resultant microemulsions are dried at a certain temperature followed by heat 
treatment process. Microemulsion drying process has advantages of forming pure and 
fine powder due to the homogenous atomic level mixing of the reactants in the 
beginning microemulsion solution.  
 
6. Template Method - There are two strategies to form nanostructured porous 
materials using template method (Figure 2.11). The first one is soft template method 
which requires the self-assembly of surfactants such as cetyl trimethyl ammonium 
bromide, sodium dodecyl sulfate, nonionic surfactant (P123 (EO20- PO70-EO20)) and 
even biological viruses which are relatively flexible in shape. The second strategy is 
hard template method which uses ordered mesoporous carbon (CMK-3), silica (SBA-
15 and MCM-41), polystyrene and anodic aluminium oxide as the template [69, 89]. 
The synthesis strategy for hard template process involves three steps [89, 90]: (1) 
choosing and forming the original templates; (2) combining precursors with templates 
by impregnation or incorporation and then converting the precursors into inorganic 
solid through chemical reaction, nucleation and growth (formation of a composite 



















Figure 2.11: Schematic illustrations show some typical examples of hard and soft 
template synthesis of electrode materials with different morphologies. Reprinted 
(adapted) with permission from [89]. Copyright 2008 American Chemical Society. 
 
the original template in order to obtain final product. In the case of soft template 
method, it utilizes self-assembly of organic templates (or surfactant), in which 
molecules or moieties are manipulated at the molecular level and spatially organized in 
nanospaces by hydrogen bonding, hydrophobic/hydrophilic interaction and ion pairing 
[91]. The surfactant or amphiphilic block copolymers (amphiphilic molecules) act as 
structure-directing agent that assists in the assembly of the reacting species [89]. In this 
process, the surfactants will first dissolve in water (or solvent). Upon reaching a 
certain concentration, the surfactants will interact and assemble with each other to 
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form micelles/vesicle aggregates or liquid crystal phases, which can confine and direct 
the growth of guest’s (precursors) structure [89, 92]. Then, the precursor species will 
react in the confined space of surfactant micelles or on the surface of polymer/virus 
chains, driven by the self-assembly or the interaction between functional groups [89, 
93, 94]. Finally, the structures in accordance to the basic shape of the aggregates will 
form after separating the templates. Template method is very useful for synthesizing 
mesoporous or nanostructured porous materials. Although the hard template method 
can offer a highly ordered pore structure with controlled pore dimension, the final 
template removal process is very difficult. Unlike hard template method, the long 
carbon chains of surfactant and co-polymer in soft template method can be carbonized 
to form carbon coating through pyrolysis at the later stage of calcination. The 
template-prepared materials usually exhibit small crystallite size, high surface area, 
large surface-to-volume ratio, and favourable structural stability [89]. These 
characteristics are highly beneficial for improving the electrochemical performances of 
electrode materials because they can facilitate rapid lithium ion and electron transport 
and enhance the contact area between active material and electrolyte. Templates can be 
added in sol-gel, hydrothermal/solvothermal and also other processing techniques for 
controlling the morphology of the targeted materials. So far, the use of template 
method for preparing polyanion cathode materials is relatively less explored by the 
research community [69, 95, 96], even though template method is a widely used 
method to synthesize various nanostructured materials. 
 
7. Ionic liquid (Ionothermal method) - Recently, J.M. Tarascon and co-workers 
employed ionothermal method for preparing nanostructured LiFePO4 [97], and also 
other new nanostructured polyanion materials such as  Na2MPO4F (M = Fe, Mn, Fe1 - x 
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Mnx) [98], LiFePO4F [99] and LiFeSO4F [100]. This new synthesis method adopts 
ionic liquid as a reacting medium (solvent). Ionic liquid is basically a room 
temperature molten salt, for example 1-ethyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl) imide (an electrolyte solvent) [101]. There are two main 
advantages of ionothermal method [27, 101]: (1) like water, ionic liquid resulting from 
compatible cationic/anionic pair has excellent solvent properties which enable low 
temperature synthesis (200–280 °C) , and (2) it does not require autoclave or reflux 
system to perform the reaction since ionic liquid has high thermal stability and 
negligible volatility. Moreover, due to the flexible nature of the cationic-anionic pair, 
ionic liquid presents, as solvent, great opportunities for purposely directing nucleation 
[97, 101].  
After realizing the importance of nanotechnology and understanding the 
synthesis techniques of nanostructured electrode materials in the field of lithium-ion 
batteries, we will review the current status of research and development of cathode 
materials in the following sections, specifically some of the prospective phosphate-
based cathode materials (LiFePO4, LiFe1/3Mn1/3Co1/3PO4, Li3V2(PO4)3 and LiVOPO4); 
and the implications of nanostructuring approaches in improving their electrochemical 
performances. 
 
2.8 Characteristics of Cathode Materials 
Cathode materials play an important role in the operation of lithium-ion 
batteries since they are the sources for lithium ions, which transfer between the 
cathode and anode electrodes through the electrolyte. Furthermore, the voltage of the 
lithium-ion batteries is mainly contributed by the potential of the cathode materials 
since majority of the lithium-ion batteries use carbon as the anode material which has 
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almost the same potential as that of Li/Li
+
 reference electrode. Therefore, one of the 
main challenges to improve the storage performances of lithium-ion batteries is 
through the development of suitable cathode material with desired electrochemical 
properties. In order to develop new cathode materials with improved storage 
performances for future advanced lithium-ion batteries applications, it is necessary to 
understand the basic requirements of the cathode materials. The key requirements of 
the cathode materials are as follows [29].    
 
1. The material has a readily reducible/oxidizable ion, for instance a transition 
metal. 
 
2. The material must be an intercalation compound and must be able to act as host 
for the highly reversible lithium intercalation processes without significant structural 
change. Such compound can prevent large kinetic obstacles contributed by defects 
diffusion, nucleation and growth processes which occur in most of the solid-state 
reactions. In addition, the as-prepared compound should contain lithium in the fully 
discharged state.  
 
3. The material reacts with lithium with high free energy of reaction in order to 
provide (1) high capacity, capable of accommodating large numbers of lithium per 
formula unit or desirably at least one lithium per transition metal and (2) high voltage, 
desirably around 4 V (dependence on electrolyte stability). The combination of these 




4. The material can render rapid lithium insertion and extraction processes in 
order to provide high charging and discharging rates (high power density). 
 
5. The material should be an excellent electronic conductor to enable easy 
transportation of electrons during the electrochemical reactions. 
 
6. The material should have low molecular weight (formula mass) and low molar 
volume in order to provide high gravimetric and high volumetric energy density. 
 
7. The material needs to be stable without undergoing significant structural 
change during charging and discharging, stable in contact with electrolyte, inexpensive 
and environmentally friendly. 
 
2.9 Recent Development in Cathode Materials 
In this section, the recent development of lithium-ion batteries cathode 
materials is reviewed. Emphasis will be focused on lithium insertion cathode materials, 
starting from the birth of lithium-ion batteries cathode material, LiCoO2 till the 
discovery of olivine LiFePO4 and some new classes of phosphate-based cathode 
materials. 
 
2.9.1 Transition Metal Oxide Systems  
The most common cathode materials in currently available lithium-ion batteries 
are transition metal oxide compounds such as LiCoO2, LiNiO2 and LiMn2O4. Among 
these metal oxide materials, lithium cobalt oxide, LiCoO2 is the most commonly used 
4.0 volts cathode material in current commercial lithium-ion batteries. LiCoO2 cathode 
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material was discovered by Goodenough et al. in 1980 [31] and it was commercialized 
by SONY Corporation in 1991 [30]. LiCoO2 has a layered α-NaFeO2 type 
rhombohedral structure (space group R3 m) of hexagonal symmetry with oxygen atoms 
in a cubic close packed arrangement (Figure 2.12a) [102, 103]. The structure 
comprises of CoO6 and LiO6 octahedra. The lithium and metal ions occupy alternate 
layers in octahedral sites between the cubic close-packed oxygen planes [104, 105]. 
The edges of CoO6 octahedra are shared to form CoO2 sheets, and lithium ions can 










(a)                                                                           (b) 
 
Figure 2.12: (a) Layered structure of LiCoO2 with hexagonal symmetry [107] 
(Reproduced by permission of ECS - The Electrochemical Society.) and (b)  
polyhedral representation of the LiCoO2 crystal structure: cubic close-packed oxygen 
staking provides a two-dimensional network of edge-shared CoO6 octahedra for the 
lithium ions [CoO6 octahedra (blue color) and lithium ions (green circle)]. Reprinted 
by permission from Macmillan Publishers Ltd: Nature Materials [108], copyright 2002  
 
LiCoO2 has a theoretical capacity of 274 mAh/g [109]. However, LiCoO2 can 
only provide a practical capacity of about 140 mAh/g vs. Li/Li
+
 (>500 cycle life with 
80–90 % capacity retention at voltages 3.5-4.3 V), corresponding to the removal of 0.5 






volume changes during the lithium insertion and extraction processes which can cause 
micro-cracking and stresses in the LiCoO2 particles and restrict their full reversibility 
[111]. The instability of the LiCoO2 structures during the electrochemical reactions can 
lead to safety issues and limited lithium storage. Even though LiCoO2 is dominating 
the rechargeable lithium-ion batteries market, it has several drawbacks such as high 
cost, limited resource and toxicity [112]. 
LiNiO2 is isostructural with LiCoO2 and has almost the similar theoretical 
capacity. It is cheap, but it is less stable and less ordered, as compared to LiCoO2. In 
practical application, it can deliver a specific capacity around 185-210 mAh/g (~30 % 
higher than the specific capacity of LiCoO2) by charging up to 4.1-4.2 V vs. Li/Li
+
. 
Although it has higher energy density (15 % higher by volume, 20 % higher by weight) 
than LiCoO2 [111], it has the problems of poor thermal and electrochemical stability in 
its highly oxidized state. Furthermore, LiNiO2 is metastable in its fully charged states.  
Unlike two-dimensional layered structure of LiCoO2, LiMn2O4 has spinel 
structure (space group Fd3m) which enables three-dimensional lithium ion diffusion 
paths and faster lithium ion insertion (Figure 2.13). LiMn2O4 is cheap, environmentally 
friendly and it has better thermal stability than LiCoO2. Nevertheless, it has low 
specific capacity and fast capacity fading problems especially at elevated temperatures 
due to the disproportionation of Mn
3+
 in the electrolyte [17]. Similar to LiNiO2, 
LiMn2O4 is metastable in its fully charged state. Although all the metal oxides 







) and are able to provide high voltages of around 4.0 V in lithium-ion batteries, 
they have a common undesirable characteristic of releasing oxygen from their lattice in 
the fully charged state especially at high temperatures, owing to the poor chemical 













Figure 2.13: Spinel structure LiMn2O4 with cubic-close-packed oxygen array provides 
a three-dimensional array of edge shared MnO6 octahedra (brown color) for lithium 
ions (green circles). Reprinted by permission from Macmillan Publishers Ltd: Nature 
Materials [108], copyright 2002 
 
In order to overcome the limitations of the transition metal oxide materials, 
new multi-transition metal oxide materials such as LiNixCo1-xO2 and Li(NixCo1-
2xMnx)O2 have been intensively explored as potential cathode material for lithium-ion 
battery applications [28, 29, 40, 111, 112, 114]. The substitution of a small amount of 
Co for Ni was found to stabilize crystalline structure of the LiNiO2. In particular, 
layered structure of LiNi1/3Co1/3Mn1/3O2 which resembles features of LiCoO2, LiNiO2 
and LiMnO2 has received great interest due to its high capacity, structural and thermal 
stability [28]. LiNi1/3Co1/3Mn1/3O2 was first proposed by Ohzuku et al. and this material 
can achieve a rechargeable capacity of 150 mAh/g in 3.5–4.2 V or 200 mAh/g in 3.5–
5.0 V [115]. Nevertheless, this high capacity cathode material suffers from irreversible 
capacity loss and poor rate capability problems [114]. Numerous research works have 
been intensively expanded on this material in order to improve its electrochemical 
performances.   
 
2.9.2 Transition Metal Phosphate Polyanion Materials 
 Although transition metal oxide materials, especially LiCoO2 is widely used as 
the cathode material in current portable electronic devices, concerns over its safety, 
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cost and toxicity issues have spurred research into alternate cathode materials. In this 
aspect, polyanion compounds have been identified as the most potential next 
generation cathode materials for lithium-ion battery applications. Polyanion 
compounds are a class of materials in which compact tetrahedral polyanion structural 
units (XO4)
n-
 (X = P, S, As, Mo, or W) with strong covalent bonding combine with 
MOx (M = transition metal) polyhedra [116, 117]. The presence of the polyanion 
(XO4)
n-
 in the structure introduces an inductive effect which can increase the redox 
potential (and thus energy density) due to the strong polarization of oxygen ions 
towards the X cation and subsequently reduces the covalency of the M-O bond  [112, 
118, 119]. In addition, the strong covalently bonded oxygen atoms in polyanion 
cathode materials can provide better thermal stability in comparison to layered 
transition-metal oxides materials. The advantage of the inductive effect in increasing 
the cell potential of the polyanion material have led to the discovery of olivine 
LiFePO4 material by Padhi et al. in 1997 [118, 120]. LiFePO4 is one of the most 
widely studied material among all the polyanion cathode materials with olivine 
structure (LiMPO4, with M = Fe, Mn, Co or Ni) and it has emerged to be one of the 
most potential cathode materials for future electric automobiles applications. Table 2.3 
shows the outstanding features of LiFePO4 in comparison with the most common 
transition metal oxide cathode materials of lithium-ion batteries [17].  
 
2.9.2.1 LiFePO4 
LiFePO4 crystallizes in an olivine-type structure (space group Pnma) with 
lattice parameters of a = 10.3375 Å, b = 6.0112 Å, and c = 4.6950 Å [121, 122]. 
Crystalline LiFePO4 has an orthorhombic unit cell that accommodates four units of 












Table 2.3: Salient features of LiFePO4 in comparison with the three most common 
transition metal oxide cathode materials of lithium-ion batteries [17] 
                                          







Features LiCoO2 LiNiO2 LiMn2O4 LiFePO4 
Structure Layered Layered Spinel Orthorhombic 
Redox Couple Co
4+/Co3+ Ni4+/Ni3+ Mn4+/Mn3+ Fe3+/Fe2+ 
Nominal Voltage (V) 3.6 4 3.9 3.45 
Specific Capacity*(mAh/g) 274 274 148 170 
Discharge Capacity**(mAh/g) 145 160 105 165 
True Density (g/cm3) 5.1 4.8 4.2 3.6 
Specific Energy**(Wh/kg) 520 640 410 540 
Energy Density**(Wh/L) 2650 3070 1720 1940 
Safety Fair Poor Good Good 
Environment Friendliness Poor Fair Good Good 
Availability Low Fair High High 
Cost High Fair   Low    Low 
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FeO6 octahedra and edge-sharing LiO6 octahedra, in which the oxygen atoms form a 
distorted hexagonal close-packed framework as shown in Figure 2.14 [117, 123]. 
Within the hexagonal close-packed oxygen framework, Li and Fe metal atoms are 
located in half of the octahedral sites and P atoms are located in 1/8 of the tetrahedral 
sites. The FeO6 octahedra share corner forming zigzag chains running parallel to the c-
axis in the alternate a-c planes. These chains are bridged by corner- and edge-sharing 
PO4 tetrahedra to form a host structure with strong three-dimensional bonding. On the 
other hand, the LiO6 octahedra share edge forming linear chains running parallel to the 
c-axis in the other a-c planes, and lithium ions form one-dimensional tunnels in the 
host structure along the [010] direction (b-axis) that runs parallel to the planes of 










Figure 2.14:  Polyhedral illustrations of the olivine LiFePO4 crystal structure. (a) and 
(b) refer to olivine LiFePO4 viewed along the b- and c-axis, respectively. The PO4 
tetrahedra are shown in yellow, FeO6 octahedral in blue, Li atoms in white and O 
atoms in red [117]. Reproduced by permission of The Royal Society of Chemistry 
(http://dx.doi.org/10.1039/C0EE00713G) 
 
In contrast to the conventional LiCoO2 cathode material, LiFePO4 offers 
several advantages such as high theoretical capacity (170 mAh/g), flat operating 
voltage plateau at 3.45 V vs. Li/Li
+
 (corresponding to energy density of ~580 Wh/kg 





 [126]) which is compatible with common organic and polymer electrolytes 
[127, 128], good thermal stability, excellent reversibility and long cycle life due to 
small volume change (6.8 %) during lithium insertion/extraction [129]. It is also 
environmentally friendly and cost effective since LiFePO4 is abundant in nature [130]. 
It has been estimated that the use of LiFePO4 as a cathode material could reduce total 
battery cost by 10 to 50 % [131]. The charging and discharging processes of LiFePO4 
cathode are based on two phase reactions which can be expressed as below. 
 
LiFePO4                 xFePO4  +  (1-x)LiFePO4  +   xLi
+
  +  xe
- 
     (Charging)  2.19 
 
FePO4  +   xLi
+
  +  xe
-
                 xLiFePO4  +  (1-x)FePO4      (Discharging) 2.20 
 
 
However, LiFePO4 suffers from its intrinsic low electronic conductivity (~10
-9 
S/cm) 







problems which can affect its high rate storage performances. Its low electronic 
conductivity arises from the FeO6 linking (corner sharing rather than edge or face 
sharing) and the large separation between Fe atoms leading to a large charge transfer 
gap [130, 135, 136] whereas its sluggish lithium ion diffusion can be attributed to the 
restricted one-dimensional diffusion of lithium ions  along the b-axis. Despite these 
disadvantages, there are several approaches to mitigate the drawbacks of LiFePO4.  
 
1. Conductive carbon and metal surface coating - Carbon coating is the most 
efficient approach to improve the electronic conductivity of LiFePO4 (and also 
polyanion electrode materials) since carbon can be deposited in situ on the surface of 
LiFePO4 particles during synthesis process in a reducing atmosphere [125]. Pioneering 
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work on carbon coating was proposed by Ravet et al. [67] who found that carbon 
coating can improve the kinetics of the electrochemical reactions of LiFePO4 and lead 
to the attainment of practical storage capacity close to the theoretical value of 170 
mAh/g. In addition, the carbon coating can provide several advantages [66, 117, 125, 
130, 137]: (a) to serve as a reducing agent to prevent the formation of Fe
3+
 phases 
during the synthesis process, (b) to avoid the agglomeration of nanoparticles and to 
suppress the undesirable growth of the particles during calcination and (c) to facilitate 
the transportation of lithium ions [138]. Carbon can be introduced in the LiFePO4 
either by the direct addition of conductive carbon powder along with the other 
precursors during the synthesis process or by pyrolyzing an organic/polymeric 
precursor during heat treatment to form fine particles of carbon or thin carbon coating 
[17]. In general, the key strategy of carbon coating is to fully coat the surface of 
LiFePO4 nanoparticles with a thin conductive carbon layer through a cost effective 
synthesis procedure. Various carbon sources have been adopted to form the carbon 
coating layer, for examples sucrose, resorcinol-formaldehyde gel, carbon black, white 
table sugar, citric acid, naphthalenetetracarboxylic dianhydride, hydroxyethylcellulose, 
polypropylene, and other carbon sources. Other than carbon coating, Ag [139], RuO2 
[140] and Fe2P [141] conductive additives are also found to improve the electronic 
conductivity and rate capability of LiFePO4.  
 
2.  Particle size reduction - In comparison to large particles (micrometer range), 
small particles (<50 nm) can provide shorter diffusion length and larger 
electrode/electrolyte contact area for the lithium ion insertion and extraction reactions, 
thus improving their electrochemical performances [125]. Previous studies have 
reported nano-sized materials of LiFePO4, LiCoO2 and LiMn2O4 generally exhibiting 
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better rate performances than their micron-sized counterparts [42, 46]. Furthermore, 
studies also found that specific surface area plays an important role in improving the 
rate performances of LiFePO4 [142, 143]. Wang et al. [52] prepared LiFePO4/C 
(particle size of LiFePO4 ~20-40 nm in diameter) nanocomposite with a core–shell 
structure through an in situ polymerization restriction method, followed by ball milling 
and heat treatment. The prepared material can deliver a capacity of 90 mAh/g at about 
60C with excellent cyclic performances, achieving less than 5 % discharge capacity 
loss over 1100 cycles. 
 
 3. Supervalent cation doping - In 2001, Chung et al. [116] claimed that low-



















 can increase the electronic conductivity of bulk LiFePO4 by a factor of 
~10
8
. Nevertheless, there is no common consensus for the exact mechanisms behind 
the improved conductivity observed. There is an ongoing debate on whether the 
improvement of the electronic conductivity is attributed to the doping of supervalent 
ions into the lattice or due to the formation of surface conductive phases during the 
synthesis process [144-146]. The influences of doping on olivine phosphate-based 
electrode materials are currently under intense research investigations [147-149].  
 
Even though the above mentioned approaches have been shown to improve the 
rate performances of LiFePO4, the exact mechanisms for the rate limiting factor of 
lithium ion and electron transports in LiFePO4 are still under debate. It has been 
asserted that lithium ion diffusion occurred through one-dimensional channels along 
the b-axis in the olivine structure with little possibility for crossing between channels 
[148, 150, 151]. This would suggest that the presence of defects and impurities in the 
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conduction channels may block the lithium ion diffusion path. In contrast, Amin et al. 
[133, 152] suggested that the electronic and ionic conductions occurred in the two- 
dimensional bc-plane (Pnma) of LiFePO4 single crystal. Recently, the observed two 
dimensionality of lithium ion diffusion was further asserted to be induced by anti-site 
defects (intersite exchange of lithium ions and iron ions forming anti-site pairs (Li’Fe- 
Fe
•





defects on the lithium ion pathway in LiFePO4 using bond valence (BV) model. The 
study also supported the two-dimensional lithium ion mobility in LiFePO4 and it 
revealed that the effect of a single anti-site pair on the lithium ion pathway led to two 
phenomena: (a) the presence of Fe
•
Li inside the pathway channel can block the channel 
along b-axis whereas (b) the presence of Li’Fe can form a new connection between 
channels perpendicular to the b-axis. Therefore, these studies clearly indicated that 
anti-site defects can potentially affect the value and dimensionality of rate-limiting 
lithium ion diffusion, thus, influencing the electrochemical performance of LiFePO4.  
Based on these studies in literatures, one alternative strategy to improve the rate 
performances of LiFePO4 is through the reduction of crystallite size along the b-axis 
thickness, combined with carbon coating for rapid simultaneous insertion/extraction of 
lithium ions and electrons. In this regard, there have been several attempts to produce 
LiFePO4 nanoplates with controlled b-axis thickness through solvothermal [155-161] 
and polyol [162] approaches with the intention of improving their electrochemical 
performances. In particular, Saravanan et al. [155, 156] produced LiFePO4/C 
nanoplates with controlled b-axis thickness of ~30 nm, plate length of ~4-6 μm  and 
uniform surface carbon coating of 2-5 nm via the solvothermal approach. The reported 
material can achieve storage capacity of 167 mA/g at 0.1C and 46 mAh/g at 30C with 




 Inspired by the commercial success of nanostructured olivine LiFePO4, other 
isostructural polyanion compounds such as LiMnPO4, LiCoPO4 and LiNiPO4 have 
been explored, as they possess much higher voltage operation than LiFePO4 (3.45 V vs. 
Li/Li
+
) at 4.1 V, 4.8 V and 5.2 V vs. Li/Li
+
, respectively [120, 128, 163-166]. The 
advantage of higher voltage operation for these olivine materials makes them attractive 
cathode materials for high energy density lithium-ion battery applications. 
Nevertheless, with the exception of LiMnPO4, it has proven difficult to realize 
practical applications for these compounds due to the structural instability and 
decomposition of currently available electrolytes at such high voltage operation 
conditions [167-169]. 
 LiMnPO4 is an appealing cathode material for lithium-ion batteries applications 
due to its higher voltage potential (4.1 V vs. Li/Li
+
) and comparable theoretical 
capacity (170 mAh/g) with LiFePO4 [120]. Furthermore, similar to LiFePO4, LiMnPO4 
is environmentally benign and its operating voltage is compatible with the commonly 
used electrolytes. However, the practical capacity and rate capability of LiMnPO4 
achieved thus far are poor [170-174] due to its inherent low electronic and ionic 
conductivity. Its electronic conductivity (~10
-14
 S/cm) is reported to be much lower 
than LiFePO4 (~10
-9
 S/cm) [116, 117, 128]. In addition, LiMnPO4 suffers from (1) 
large anisotropic lattice distortion induced by Jahn-Teller effect from the Mn
3+
 ion of 
the charged phase (MnPO4) [175, 176], (2) small polaronic conduction of the Jahn-
Teller active Mn
3+
 attributed to its sluggish kinetics [177] and (3) huge volumetric 
change (9.5 %) between LiMnPO4 phase and MnPO4 phase during the lithium 
intercalation and deintercalation processes [178]. It should be noted that this volume 
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change is also larger than the two phase transition process between LiFePO4 and 
FePO4 (~ 6.8  %) [112].  
One possible strategy to resolve the limitations of each individual lithium 
transition metal phosphate is to form a homogenous solid solution of multicomponent 
olivine cathode materials containing Fe, Mn and Co. Intriguingly, the substitution of 
Fe for Mn or Co in LiMn1-xFexPO4 and LiCo1-xFexPO4 was reported to significantly 
improve the storage capacity and cycleability [114, 176, 179, 180]. The improved 
performances of the Fe-substituted solid solutions could be associated with the 
suppression of Jahn-Teller distortion, Mn dissolution, the enhancement of electronic 
conductivity in LiMn1-xFexPO4 in comparison to their pristine counterparts as well as 
the self-surface segregation of Fe in both LiMn1-xFexPO4 and LiCo1-xFexPO4 solid 
solutions [114].  
More recently, researchers have discovered new phenomena in 
multicomponent olivine (LiFe1/3Mn1/3Co1/3PO4) which will be beneficial for designing 
high performance lithium-ion batteries by tailoring the electrochemical properties of 
the individual olivine materials. Several studies have highlighted that 
LiFe1/3Mn1/3Co1/3PO4 [180-187] can be a potential cathode material for next generation 
lithium-ion battery applications due to its improved energy density and rate 
performances in comparison to its single transition metal counterpart. This material has 
a storage capacity of 169 mAh/g vs. Li/Li
+
 (almost similar to the theoretical capacity 
of LiFePO4) and it can operate at voltage range of 2.0-4.9 V [185]. The arrangement or 
distribution of the multiple transition metals in the olivine structure can change its 
structural, electronic and thermodynamic properties. Recent theoretical and 




1.  The formation of a solid solution between LiFePO4, LiMnPO4 and LiCoPO4 is 
thermodynamically feasible. Each transition metal retains its original feature and 
shares its unique role in the electrochemical reaction unlike their single component 
electrodes. 
 




 is increased from ~3.45 V to ~3.5 V whereas 




is decreased from ~4.8 V to ~4.7 V
 
during the lithium 
insertion and extraction processes. The shift in these redox potentials can be attributed 
to the charge redistribution, changes in the relative energy of the multiple M/Li 
interactions (M = transition metals), changes in the covalency of the M-O bond and M-









 redox potential can improve the energy density 




 redox potential favours the redox reaction of cobalt 
at a voltage range compatible with existing electrolytes. 
 
3.  The altering of the local structure due to the multicomponent implication can 
reduce the Jahn-Teller distortion of Mn
3+
 and significantly enhance both lithium ion 
mobility and electron (polaron) conductivity. Based on a theoretical study, Seo et al. 
[184] showed that the substitution of transition metals in LiMnPO4 can reduce the 
Jahn-Teller effect and enable faster migration of the polarons, which are localized 
around Mn ions. The calculated activation barrier of the polaron migration was 808.2 
meV for LixMnPO4 and 552.7 meV for LixMn1/3Fe1/3Co1/3PO4. Their observation also 
revealed that the lithium diffusion pathway in LixMn1/3Fe1/3Co1/3PO4 was consistent 
with the diffusion pathway of LiFePO4 as reported by Islam et al. [148] and Nishimura 
et al. [151]. 
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4.  The multicomponent olivine structure undergoes single phase reaction during 
the insertion and extraction of lithium due to the multiple interactions of M/Li or 
M/vacancy. 
 
Y. Zhang et al. [182] prepared LiFe1/3Mn1/3Co1/3PO4/C solid solution with 
core-shell structure (particle size ~200 nm, carbon coating thickness ~8 nm) via a 
poly(ethylene glycol) assisted sol-gel method. During charge/discharge cycles, the 













 redox couples, and a discharge capacity of 150.8 mAh/g in the first cycle, 
remaining 121.2 mAh/g after 30 cycles. They reported that the charge/discharge 
process associating with Fe was almost fully reversible, while the processes 
associating with Mn and Co were fading noticeably during cyclic performances which 
can be ascribed to the Jahn–Teller effect of the Mn3+ ion and the oxidation of the 
electrolyte at high operating voltage (5 V). In another report, Park et al. [185] 
produced LiFe1/3Mn1/3Co1/3PO4/C with spherical shape structure (average particle size 
~100 nm) through co-precipitation followed by solid state reaction. The obtained 
material can deliver initial discharge capacity of 140.5 mAh/g at 0.2C with good cycle 
retention. Further, the rate capability tests showed that the capacity can be retained 
even at 4C and 6C with 102 and 81 mAh/g, respectively. They claimed that the 
observed high rate capability can be attributed to the improved homogeneity of the 
transition metals in the structure preventing the formation of Mn-rich regions which 
can result in enhanced Mn activity. In addition, they postulated that the capacity 
retention of the prepared material can be improved further by the development of 





Since the pioneering work on LiFePO4 by Padhi et al.[118, 120], framework 
materials based on transition metal phosphate polyanion such as LiMPO4 (M= Co, Ni, 
Mn) and Li3M2(PO4)3 (M = Fe, V, Ti) have been extensively studied as cathode 
materials for lithium-ion battery applications. In comparison to LiFePO4 which has 
received tremendous interests from the research community, Li3V2(PO4)3 is relatively 
less explored. Li3V2(PO4)3 exists in two different frameworks: a rhombohedral 
(NASICON) -phase (-Li3V2(PO4)3) and the thermodynamically more stable 
monoclinic α-phase (α-Li3V2(PO4)3) [188]. These two polymorphs differ in structures 
and electrochemical properties. Their differences are elaborated as below [189, 190]: 
 
1.  The -Li3V2(PO4)3 is not accessible by direct reaction since the sodium phase 
of -Na3V2(PO4)3 is more thermodynamically stable [191]. -Li3V2(PO4)3 must be 
prepared via ion-exchange of the corresponding sodium phase. In contrast, α-
Li3V2(PO4)3 can be prepared directly from their elements since it is the most 
thermodynamically stable phase.  
 
2.  The two phases show different voltage profiles due to their structural 
differences. The -phase exhibits one voltage plateau at 3.76 V vs. Li/Li+ arising from 
two phase transition between Li3V2(PO4)3 and LiV2(PO4)3 with a corresponding 
theoretical capacity of 131 mAh/g [192, 193]. In this transition process, two lithium 
ions are removed from a single tetrahedrally coordinated site followed by the 
displacement of the remaining lithium to octahedral site. However, in the case of α-
Li3V2(PO4)3, all three lithium ions can be extracted through a series of two phase 
transitions at voltage plateaus of around 3.60 V, 3.68 V, 4.10 V and 4.55 V  followed 
57 
 
by a formation of solid solution phase upon lithium reinsertion [194, 195]. The 
occurrence of this solid solution phase is attributed to the disruption of vanadium 
charge ordering in the fully delithiated phase [189]. The reversible insertion and 
extraction of all lithium ions for α-Li3V2(PO4)3  provide a theoretical capacity of 197 
mAh/g vs. Li/Li
+
 in the voltage window of 3.0-4.8 V [196], which is the highest 
storage capacity among all phosphate cathode materials known so far.   
 
Considering the fact that α-Li3V2(PO4)3 is the thermodynamically stable phase 
and it has high energy density, the bulk of existing studies focus on developing this 
material for lithium-ion batteries applications. α-Li3V2(PO4)3 has space group P21/n, 
cell parameters a = 8.606 Å, b = 8.591 Å, c = 12.036 Å,  = 90.6° and a cell volume of 
899.8 Å
3
 [189]. Figure 2.15 shows the crystal structure of α-Li3V2(PO4)3. Its structure 
comprises of a three-dimensional framework of vanadium octahedra and phosphate 
tetrahedra sharing oxygen vertices [195, 197, 198]. Each VO6 octahedron is 










Figure 2.15: Crystal structure of monoclinic α-Li3V2(PO4)3 (Reprinted from 
Publication [198], Copyright 2006, with permission from Elsevier [OR APPLICABLE 




VO6 octahedra. This configuration forms a three-dimensional network with three 
independent lithium sites. The electric charge carriers and lithium ions are situated in 
the large interstitial space created by the PO4 tetrahedra within the framework [199].  
In this structure, each unit cell has four chemical formula units of Li3V2(PO4)3. Within 
each unit cell, twelve lithium atoms occupy three four-fold crystallographic positions.  
In comparison to LiFePO4 which has a one-dimensional lithium ion diffusion 
path, the three-dimensional framework of α-Li3V2(PO4)3 allows lithium ions to move 
in three-dimensional pathways [199, 200], allowing fast lithium diffusion. From 









[201], which was about five orders of magnitude higher than 






/s) [132-134]. In addition, one of the current 
research directions to increase the capacity of cathode materials is to develop material 
that enables more than one electron reversible exchange per transition metal. In this 
aspect, vanadium can meet this requirement. Vanadium has stable multiple oxidation 
states (+2, +3, +4 and +5). This can allow the insertion/extraction of three lithium ions 
reversibly per formula unit of α-Li3V2(PO4)3 and thus lead to its higher capacity than 
that of LiFePO4. In comparison to cobalt, vanadium is less expensive [202] and less 
toxic to biological systems [188]. However, similar to LiFePO4, the main drawback of 
α-Li3V2(PO4)3 is its intrinsically low electronic conductivity property (α-Li3V2(PO4)3: 
~10
−8
 S/cm [190], LiFePO4: ~10
−9
 S/cm [116]) which can affect its high rate storage 
performances and high power density applications. Like most other polyanion 
materials, the low electronic conductivity of α-Li3V2(PO4)3 is due to the separated VO6 
octahedral in its structure.  
Although many studies have been performed to improve the performances of α-
Li3V2 (PO4)3, most of those investigations were conducted in the voltage range of 3.0-
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4.3 V and the reported storage performances are close to the capacity of 133 mAh/g 
under low rates current operations [203-213]. In addition, few studies reported on the 
high rate storage performances and the cycling stability of α-Li3V2(PO4)3 [198, 214-
222]. Chang et al. [215] reported that hydrothermal prepared α-Li3V2(PO4)3/C can 
achieve initial discharge capacity of 178, 172, 170, 167 and 164 mAh/g at 0.1, 0.5, 1.0, 
2.0 and 5.0C, respectively. Discharge capacity of 136, 132 and 127 mAh/g can still be 
obtained for this material even after 100 cycles at 1.0, 2.0 and 5.0C, respectively. 
However, no higher C rates were reported in their studies. In another report, Qiao et al. 
[218] produced porous spherical α-Li3V2(PO4)3/C composites (2-5 μm in sizes) via soft 
chemistry route followed by carbothermal reduction. They conducted the galvanostatic 
testing up to 10 cycles and the material displayed discharge capacity of 183.8, 160.9, 
134.5 and 121.5 mAh/g at 0.2, 1, 10 and 15C, respectively.  
 
2.9.2.4 LiVOPO4 
 In addition to Li3V2(PO4)3 material, another transition metal phosphate, 
vanadyl phosphate (VOPO4), is also considered as a potential new cathode material 
due to its ability to undergo lithium intercalation process [29, 223-225]. VOPO4 
appears in different phases such as α-VOPO4, -VOPO4, -VOPO4, ε-VOPO4 and ω-
VOPO4 differing in the arrangement and connection of their VO6 octahedral and PO4 
tetrahedral units [226, 227]. In contrast to the (PO4)
3-
 units in the LixM2(PO4)3 (M = 
transition metals) structures which tend to isolate the transition metals, the lithiated 




 units simultaneously 
[228]. Although several studies have been performed to investigate the lithium 
intercalation properties of vanadyl phosphates polymorph, their electrochemical 
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performances, ionic and electronic transport as well as structural characterizations are 
still not completely understood [119, 227, 229].     
Triclinic α-LiVOPO4 and orthorhombic -LiVOPO4 are the two most 
extensively studied systems in recent years. These materials have considerably high 
theoretical capacity of 166 mAh/g and operating voltage plateau near 4 V vs. Li/Li
+
 
[225, 229-232]. α-LiVOPO4 crystallizes in a triclinic structure (space group   1) with 
cell parameters a = 6.748 Å, b = 7.206 Å, c = 7.922 Å, α = 89.84°,  = 91.32°, γ = 
116.99°, and cell volume = 343.14 Å
3
 [233]. Its structure consists of VO6 octahedra 
chains linked together by single oxygen bridges and phosphate tetrahedra groups 










Figure 2.16: View of α-LiVOPO4 structure along the chain. VO6 octahedra are lighter 
and PO4 tetrahedra are darker [234]. Reproduced by permission of ECS - The 
Electrochemical Society. 
 
atoms of the phosphate tetrahedra in the equatorial and by two vanadyl oxygen atoms 
(one from its own (VO)
2+
 group and one from a neighbouring (VO)
2+
 group) at the 
axial vertices of the octahedron [233]. Each phosphate tetrahedra group reinforces the 
chains of octahedral by two vertices and joins the chains together by the remaining 




the b-axis. This leads to apical connections along the b-axis with alternating short and 
long V-O bonds [229]. 
On the other hand, -LiVOPO4 crystallizes in the orthorhombic space group 
Pnma with cell constants a = 7.444 Å, b = 6.300 Å, c = 7.174 Å, and V = 336.4 Å
3
 
[235]. Its structure is built up from infinite chains of corner-shared VO6 octahedra, 
parallel to the a-axis, cross-linked by corner-shared PO4 tetrahedra. These infinite 
chains have alternating short and long V-O bonds which appear similar to those found 
in α-LiVOPO4 [235]. The major difference between α-LiVOPO4 and -LiVOPO4 is the 
orientation of VO6. In the α-LiVOPO4, VO6 polyhedra are arranged in a staggered 
configuration as a result of alternating orientations of the PO4 tetrahedra along the a-










Figure 2.17: The difference of the crystal structure for (a) α-LiVOPO4 and (b) β-
LiVOPO4. Lithium (green), and oxygen (red) are configured with distorted octahedral 
VO6 (gray) and PO4 (orange) [229]. Reproduced by permission of ECS - The 
Electrochemical Society. 
 
There are two crystallographically independent five-coordinate lithium ions in 
the α-phase structure which lie opposite of the phosphate tetrahedra in the interstitial 
positions [236]. These mobile lithium ions are responsible for enabling fast lithium ion 







between the coordination polyhedra of the V and P atoms, and is surrounded by six 
oxygen atoms forming a distorted octahedron with the edge lengths ranging from 
2.643 Å to 3.404 Å [235]. These edge lengths are much smaller than 4.24 Å, twice the 
sum of lithium ion and oxygen ion radii [235]. As a result, this structure does not 
comply with the steric condition as required for rapid lithium ion transportation [235].  
Gaubicher et al. [228] reported for the first time the electrochemical 
performances of -LiVOPO4 in 1999. They prepared -Li0.92VOPO4 through the 
electrochemical reaction of LiI and -VOPO4 and showed a capacity of 90 mAh/g 
(0.02C) at the voltage plateau of 3.95 V vs. Li/Li
+
 (voltage window 3.2-4.3 V). Later, 
Barker et al. [237] reported that -LiVOPO4 prepared from carbothermal reduction 
reaction can exhibit stabilized reversible capacity of 120 and 135 mAh/g at 0.05C and 
0.025C, respectively in the voltage window of 3.0-4.3 V vs. Li/Li
+
. This work was 
followed by Azmi et al. [230] who further improved the high rate performances of -
LiVOPO4. They found that -LiVOPO4 synthesized from impregnation method 
followed by ball milling and mixing with 15 wt% of acetylene black carbon binder 
exhibited an improved capacity of 130 mAh/g, 100 mAh/g and 60 mAh/g at 0.02C, 
0.2C and 1C, respectively. In another report, Ren et al. [231] prepared -
LiVOPO4/RuO2 composite through the combination of sol-gel process and heat 
treatment. They claimed that the addition of RuO2 can improve the high rate 
cycleability performances of -LiVOPO4. The -LiVOPO4/RuO2 composite showed 
discharge capacity of 118.6 mAh/g after 30 cycles at a current density of 10 mA/g, 
which was much higher than that of the prepared pristine -LiVOPO4 (77.7 mAh/g). 
The obtained materials still can retain a discharge capacity of 86 mAh/g after 30 cycles 
even at a high current density of 80 mA/g.  
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In comparison to -LiVOPO4 system, the electrochemical performances of α-
LiVOPO4 are less investigated. In 2000, Kerr et al. [236] reported the electrochemical 
performances of α-LiVOPO4 for the first time. The α-LiVOPO4 (particle size ~0.5 μm) 
produced from chemical or electrochemical reaction of ε-VOPO4 and LiI followed by 
mechanical grinding with carbon black able to demonstrate a stable specific capacity 
of 100 mAh/g (3.0-4.5 V) up to 100 cycles at 0.1C. After several years, Ren et al. [238] 
prepared hollow microspheres of α-LiVOPO4 using hydrothermal approach. The 
obtained material showed a discharge capacity of 93.8 and 85.6 mAh/g during the first 
and 30th cycle, respectively at a current density of 10 mA/g and voltage window of 
3.0-4.5 V. 
Very recently, Allen et al. [229] re-examined α-LiVOPO4 and - LiVOPO4 
systems. They reported that the cycling capacity of α-LiVOPO4 and -LiVOPO4 
stabilized at just over 100 mAh/g and 80 mAh/g at 0.1C, respectively. They further 
suggested that the low rate capability of both systems could be attributed to their poor 
electronic and ionic conductivity. The measured electronic conductivity for the as-





S/cm, respectively whereas the measured lithium diffusion coefficient for the 









Mueller et al. [239] investigated the lithium mobility of different tavorite cathode 
materials using high-throughput density-functional-theory calculation. Based on their 




/s at room 
temperature) with the lowest activation energy along the [111] direction for LiVOPO4 
material that might enable high rates performances, comparable to those of 
nanostructured LiFePO4 materials.  
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Despite these fruitful reports, very little investigations were performed on the 
high rate performances of LiVOPO4. More intensive studies need to be carried out to 
understand the electrochemical, structural and transport properties of lithium vanadyl 
phosphate materials in future so that they will be useful for large-scale commercial 
lithium-ion battery applications. Other than the phosphate-based cathode materials that 
have been discussed in this literature, there are several other emerging cathode 
materials such as (Li2MSiO4, M = Fe, Mn, Co, Ni) [117, 240, 241] and LiVOPO4F 
[242, 243] which can be considered for future lithium-ion batteries applications. 
Currently, these materials are under intense development.  
 
2.10 Objectives of Present Study 
The storage performances of lithium-ion batteries are strongly dependent on the 
properties of the constructed electrode materials, in particular the cathode materials. 
Therefore, there are ongoing research targeted at developing high energy density, high 
power density and high stability cathode materials to swap current commercial LiCoO2 
material which is toxic, expensive and unsafe. In this perspective, polyanion 
phosphate-based materials have been considered as the prospective cathode materials 
to supercede existing LiCoO2 due to their advantages of high safety, competitive 
energy density and power density as compared to LiCoO2. However, most of the 
polyanion phosphate-based compounds have intrinsically poor electronic conductivity 
which can impede their high power performances. One possible strategy to address this 
problem is through innovative materials engineering approach by developing 
phosphate-based materials in porous nanostructures, since this type of structures can 
offer high contact area for electrode/electrolyte wettability and reduce diffusion 
lengths for both lithium ions and electrons movement; hence, improve the rate 
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performances. In view of the potential applications of phosphate-based materials in 
future lithium-ion batteries, I have identified and investigated four potential high 
energy density phosphate-based cathode materials, notably LiFePO4, Li3V2(PO4)3, 
LiVOPO4 and LiFe1/3Mn1/3Co1/3PO4  in my research study. In light of the prominent 
implications of porous nanostructures in improving the electrochemical properties of 
electrode materials, the study aimed at improving the storage performances of the 
investigated materials by developing the materials in porous nanostructures via simple 
soft template and solvothermal synthesis methods. 
  
2.10.1  LiFePO4  
LiFePO4 is one of the most promising cathode materials for lithium-ion 
batteries applications due to its high storage capacity (170 mAh/g) at a flat operating 
voltage plateau of 3.45 V vs. Li/Li
+
 (equivalent to a theoretical energy density of 586.5 
Wh/kg), environmentally friendliness and high safety. As elaborated in the literatures, 
the improvement of the storage performances of LiFePO4 remains a main challenge 
especially at high rate. Such poor rate performances are mainly due to the sluggish 
lithium ion and electron conductivities in poorly conducting LiFePO4. The exact 
lithium ion and electron transport mechanisms in LiFePO4 are still under debate. 
Previous ab-initio calculations [150] and atomistic simulations [148] showed that the 
lithium ions preferably transported along b-axis rather than along a- and c-axes in 
LiFePO4 crystals. However, anisotropic measurement of electronic and ionic 
conduction in LiFePO4 single crystals by Amin et al. [133, 152] revealed that the 
lithium ion conduction occurred essentially in two dimensions, nearly four orders of 
magnitude lower than the electronic conductivity along the b- and c-axes and many 
orders of magnitude lower along the a-axis. Very recently, the observed two 
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dimensionality of lithium ion diffusion in LiFePO4 was further claimed to be induced 
by anti-site defects. Therefore, based on these excellent findings, controlling the 
crystallite size of LiFePO4 either along the b- or c-axis or if possible along both axes 
together with conductive carbon coating will be beneficial in improving the high rate 
storage performances of LiFePO4. Since our previous studies have succeeded in 
producing LiFePO4/C nanoplates with controlled b-axis thickness (~30 nm) through 
solvothermal method, present study aimed at developing LiFePO4/C in mesoporous 
nanostructures with controlled b- and c-axes thickness simultaneously via soft template 
method in order to further improve its rate performances. The electrochemical 
performances of the nanostructured mesoporous LiFePO4/C were systematically 
investigated and the results were discussed and compared with the previously reported 
solvothermal LiFePO4/C nanoplates. The effect of anti-site defects to the 
electrochemical performances of the prepared LiFePO4/C was also investigated.   
 
2.10.2 α-Li3V2(PO4)3 
Monoclinic lithium vanadium phosphate, α-Li3V2(PO4)3 is a potential high 
energy density cathode material since it can achieve the highest storage capacity (197 
mAh/g) among all phosphate-based cathode materials at voltage window of 3.0-4.8 V 
vs. Li/Li
+
. However, similar to LiFePO4, α-Li3V2(PO4)3 also suffers from poor 
electronic conductivity which can restrict its high rate storage performances. So far, 
only very few studies have been performed to investigate the high rate performances 
and long-term cycling stability of α-Li3V2(PO4)3. Therefore, we aimed to 
systematically investigate the high rate performances of α-Li3V2(PO4)3/C by 





 In comparison to LiFePO4 and Li3V2(PO4)3, triclinic lithium vanadyl phosphate, 
α-LiVOPO4 is less explored by the research community. This material has a 
considerably high theoretical capacity of 166 mAh/g and an operating voltage plateau 
near 4.0 V vs. Li/Li
+
 (corresponding to theoretical energy density of 664 Wh/kg). 
Similar to other phosphate-based cathode materials, this material also suffers from 
poor electronic and ionic conductivities. Till now, very few studies have been reported 
on the storage performances of α-LiVOPO4. Furthermore, most of the previous studies 
investigated the storage performances of α-LiVOPO4 at low rate current operation. In 
considering the high energy density property of α-LiVOPO4, we attempted to study 
and improve the electrochemical performances of this material by tailoring its structure 
in the form of hollow spheres through low temperature solvothermal synthesis route. 
Several experiment parameters such as the effects of temperature, time and precursor 
on the morphology of α-LiVOPO4 were investigated. The electrochemical 
performances at low rate and high rate of the prepared material were systematically 
studied.  
 
2.10.4 LiFe1/3Mn1/3Co1/3PO4   
The substitution of other high redox potential transition metals such as M = Mn 
(4.1 V vs. Li/Li
+
), Co (4.8 V vs. Li/Li
+
) or Ni (5.1 V vs. Li/Li
+
) for Fe (3.45 V vs. 
Li/Li
+
) in the olivine structure of LiMPO4 has been found to further enhance the 
energy density of olivine phosphate-based cathode materials. In particular, a new class 
of multicomponent olivine cathode material containing Fe, Mn and Co with formula 
LiFe1/3Mn1/3Co1/3PO4 has been proposed as a potential cathode material due to the 
improved energy density and rate performances in comparison to its single component 
68 
 
counterpart. LiFe1/3Mn1/3Co1/3PO4 can offer considerably high storage capacity of 169 
mAh/g in the voltage window of 2-4.9 V vs. Li/Li
+
. Such compound allows each 
transition metal to retain its original feature and share its unique role in contributing to 
the overall electrochemical performances. Similar to LiFePO4 with orthorhombic 
olivine structure, we would expect LiFe1/3Mn1/3Co1/3PO4 to have low electronic and 
ionic conductivities. Therefore, we attempted to develop LiFe1/3Mn1/3Co1/3PO4/C in 
porous nanoplate structure through soft template synthesis approach and investigate its 
electrochemical performances. High voltage electrolytes were used to investigate the 
electrochemical performances of LiFe1/3Mn1/3Co1/3PO4/C. 
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Chapter 3: Experimental Procedures and Techniques 
 
3.1 Introduction 
In this chapter, an overview of electrode fabrication process, electrochemical 
measurement and materials characterization techniques is described. The procedures 
for synthesizing the investigated nanostructured phosphate-based cathode materials are 
elaborated in more detail in the respective chapters of this thesis. Figure 3.1 illustrates 





















3.2 Electrode Fabrication 
The electrode was prepared by mixing active material, super P carbon black as 
an electrical conduction enhancer and polyvinylidene difluoride (PVDF) (Kynar 2801) 
as a polymer binder at a specified weight ratio, typically 75:15:10 in N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich) solvent. Then, the slurry was coated on an etched 
aluminium foil (thickness ~20 μm) current collector by doctor blade technique. The 
coating was dried under vacuum condition at 80 °C for 8 h to evaporate the organic 
solvent (NMP). After drying, the coated electrode was pressed using twin rollers (Soei 
Singapore Scientific Quartz Pte Ltd) at a pressure of 2 MPa to ensure a good adhesion 
between the electrode material and the etched aluminium foil. After that, the electrode 
was punched into circular 16 mm diameter discs and finally dried at 110 °C under 
vacuum condition in a glove box (Mbraun, Germany) antechamber before transferring 
into the glove box for battery fabrication. In the study, the thickness of electrode was 
~10 μm and the weight of active material was ~2-2.5 mg.   
 
3.3 Coin Cell Assembly 
The coin cell was assembled inside an argon filled glove box (Mbraun, 
Germany). The water and oxygen content in the glove box was maintained < 1 ppm. 
The casing of coin cell (type 2016, Hohsen Corporation, Japan) with diameter 20 mm 
and thickness 1.6 mm consisted of a standard stainless-steel (SUS 316L) case and 
cap/lid fitted with a gasket (polypropylene). The assembled coin cell contained several 
components: (1) active electrode material as cathode, (2) lithium metal disc (Kyokuto 
Metal Co., Japan) as counter electrode (anode), (3) Whatman binder-free glass 
microfiber filter (type GF/F) or Celgard 2502 polypropylene micro-porous membrane 
as separator, (4) electrolyte (typically 1M LiPF6, dissolved in ethylene carbonate (EC) 
89 
 
and diethyl carbonate (DEC) or dimethyl carbonate (DMC) (1:1 by volume, Merck) 
and (5) stainless steel spring. The schematic illustration of the coin cell components is 










Figure 3.2: Schematic illustration of coin cell components 
 
The electrode was placed at the centre of the case to form the positive terminal 
of the cell. Then, it was wetted with 200 μl of electrolyte and covered with a separator. 
After that, lithium metal disc with diameter 12 mm and thickness 0.5 mm is placed on 
the separator. Stainless steel spring was placed on the lithium metal disc to ensure a 
good electrical contact with the cap. Finally, air tight sealing of the coin cell was 
carried out through a mechanical hand press (Hohsen Corporation, Japan). After the 
coin cell assembly, the coin cell was removed from the glove box and aged for 12 h (to 













3.4 Electrochemical Measurement 
3.4.1 Galvanostatic Test (Constant Current Mode)  
 Galvanostatic test is widely used to evaluate the electrode/electrochemical 
process under actual battery working condition. The storage performances and the rate 
capability of the electrode material over multiple cycles can be studied using 
galvanostatic test. In this test, a constant current is applied between the cathode and 
anode until it reaches a preset cutoff potential [1, 2]. Then, the cell voltage is plotted 
against time or state of charge/discharge. The working electrode will be charged 
(oxidation process) if a positive current is applied to the electrode and discharged 
(reduction process) if a negative current is applied to the working electrode.   
The rate of charge and discharge depends on the theoretical capacity of the 
investigated electrode material. The theoretical capacity of an electrode material is 
calculated based on Faraday’s 1st  Law [3]: 
 
 
Theoretical capacity     
n 
 
      h  g                                                                               3.1 
 
 
where F is the Faraday constant, n is the number of moles of electrons involves in the 
reaction and M is the molecular weight of the electrode. 
In the experiment, we performed galvanostatic testing on the coin cells which 
comprised of active electrode material with respect to lithium metal as anode material 
at room temperature (25 °C) by computer controlled Arbin battery tester (model 
BT2000, USA). The designated current at a specified C rate is calculated as below: 
 
 
I          Theoretical capacity  m h g   x  active mass  kg   x  C rate  1 h                  3.2                
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From the galvanostatic discharge profile, practical specific capacity of the cell is 
calculated based on the active mass (after subtracting from carbon) in the electrode. 
The practical specific capacity is calculated using the following equation: 
 
 
Practical specific capacity    
I x   u o  
3600 x m
      m h g                                                       3.3 
 
 
where I is the applied current in ampere (A), tcutoff is the time in second (s) to reach the 
cutoff potential and m is the weight of the active material in kg. 
 
3.4.2 Cyclic Voltammetry 
 Cyclic voltammetry (CV) is a potential-controlled electrochemical 
measurement technique which can be used to study the electrochemistry of a reaction 
[4]. This technique is widely used for the study of redox process, diffusion coefficient 
of an analyte, thermodynamic and kinetic of electron transfer at electrode–solution 
interface and the determination of anodic and cathodic peaks potentials [4, 5]. In 
addition, it can provide qualitative information about the reversibility and the presence 
of intermediates for various electrochemical reactions. 
In a CV measurement, the applied voltage at a working electrode is varied 
between two voltages limits at a known scan rate (change of voltage versus time (V/s)) 
while measuring the current response as a result of electron transfer process. This 
measurement can be repeated for multiple cycles in a single experiment. The applied 
voltage window will determine the occurrence of the oxidation and reduction 
processes. The consequential cyclic voltammogram (current-voltage curve) is obtained 
by plotting the current versus the applied voltage. In my study, the CV was performed 
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at room temperature using computer controlled VMP3 (Bio-Logic SA, France) 
workstation. 
 
3.4.3 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a technique used to measure 
the change in the electrical impedance of an electrode or an electrochemical system. 
The impedance of an electrochemical system (defined as Z(ω)) is the AC (alternating 
current)  response of the system being studied to the application of an AC potential 
imposed upon the system over a range of frequencies [6]. The current-voltage 
relationship of the impedance can be expressed as below: 
 
 
Z (ω)     
V( )
I( )
                                                                                                                 3.4        
 
 
where V(t) and I(t) are the measurements of voltage and current in an AC system. The 
impedance can also be given in Cartesian coordinates: 
 
 
Z(ω)  =  Zre  +  iZim                              3.5 
 
 
where Zre (or Z’) and Zim (or Z’’) are the real and imaginary parts of the impedance, 
respectively. In general, EIS spectrum is presented in Nyquist plot. A Nyquist plot is 
constructed from a series of experimental data set Z(Zre, i , Zim, i , ωi), (i   1, 2, …, n) of 
n points measured at a range of frequencies, with each point corresponds to the real 
and imaginary parts of the impedance (Zre, i ~ Zim, i) at a particular frequency ωi. Then, 
the obtained data is analyzed by fitting them into an equivalent electric circuit model. 
93 
 
This model can be constructed from a combination of several components such as 
resistors, capacitors, and/or inductors. Each component in the circuit can represent the 
physical electrochemistry (or physical process) of the electrochemical system and has 
a characteristic impedance behaviour. In the experiment, AC impedance spectra were 
recorded using VMP3 (Bio-Logic SA, France) tester coupled with a battery test unit 
(coin cell). An AC signal with amplitude of 5 mV was applied to measure the 
impedance response over a frequency range varying from 500 kHz to 10 mHz. Data 
acquisition and analysis were performed using the electrochemical impedance software, 
ZPlot and ZView (EC-Lab). Using similar software, the obtained data was analyzed by 
fitting them into an equivalent circuit model. 
 
3.5 Materials Characterization 








Figure 3.3: X-ray diffraction from a crystal structure 
 
X-ray diffraction (XRD) is a non-destructive method for identification of 
phases and structures of crystalline materials [7]. The samples can be powder, solid or 








incident waves, interplanar spacing, and incident wave angle are shown as λ, d, and , 
respectively.  
When a monochromatic X-ray beam is directed to crystals, diffraction peaks 
can be obtained if the difference in path length of the diffracted waves becomes the 




2dsin = nλ              3.6 
 
 
In this equation, n is an integer which represents the order of diffraction. A diffraction 
pattern is obtained by measuring intensity of the diffracted wave as a function of 
diffracted angle. The obtained diffraction pattern will represent finger print or 
characteristic of a particular crystalline material. From the XRD data, Rietveld 
refinement was made for crystal structure analysis and lattice parameters determination. 
This X-ray diffraction experiment was performed on a X-ray diffractometer 
(SHIMADZU 6000, Japan) using Cu-Kα radiation (λ = 1.54056 Å) at room 
temperature. 
 
3.5.2 Scanning Electron Microscopy  
Scanning electron microscopy (SEM) is a type of electron microscope that 
examines the microscopic structures of a material by scanning the surface of the 
material with highly energetic incident electron beams (5-50 keV) in a raster scan 
pattern [9-11]. The examination can provide information about the topography (surface 
feature) and morphology (shape and size) of the material with a resolution of about 3 
nm. During the SEM operation, a stream of electrons is accelerated towards the 
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material under a high vacuum condition. Then, the electrons are confined by 
electromagnetic lenses to form a focused monochromatic electron beam. The electron 
beam will irradiate the material. This interaction will produce signal which will be 
detected and transformed into an image. In the experiment, since the investigated 
phosphate-based cathode materials are poor electronic conductors, the materials were 
coated with gold or platinum by DC sputtering prior to SEM analysis. The materials 
were examined in a HITACHI S4300 field emission scanning electron microscopy 
(FESEM) instrument. 
 
3.5.3 Transmission Electron Microscopy  
Transmission electron microscopy (TEM) is used to study the structure and 
morphology of a material by examining the diffracted and transmitted electron 
intensities [9, 11]. In a TEM experiment, a high energy electron beam (100-400 keV) 
is collimated by electromagnetic lenses and transmits or penetrates through the 
specimen under high vacuum condition. The interaction of this electron beam with the 
atoms of the specimen will produce diffraction pattern which can be imaged on a 
fluorescent screen located below the specimen. The obtained diffraction pattern can 
provide information about the lattice spacing of the material. The diffracted beam can 
also transform into image to provide microstructural information (shape and size) of 
the specimen with a resolution of 0.2 nm. In the experiment, TEM analysis was 
performed using JEOL-2010F transmission electron microscope at 200 kV. To prepare 
the specimen for TEM analysis, the specimen in a powder form was dispersed in 
absolute ethanol (purity 99.9 %) by sonication. Then, the specimen was deposited on 




3.5.4 Raman Spectroscopy 
Raman spectroscopy is used to determine the molecular structures and the 
compositions of organic and inorganic compounds [12, 13]. The investigated materials 
can be in a solid, liquid or gaseous state.  When a material is impinged by an intense 
beam of monochromatic light, scattering can occur in all directions. If the frequency of 
the scattered light is similar to the frequency of the original light (vo), this effect is 
considered as Rayleigh scattering. On the other hand, if the frequencies of the scattered 
light are both higher and lower than vo together with relatively reduced intensities, this 
effect is known as Raman effect [12]. The differences, Δv, between the incident and 
scattered frequencies are equal to the actual vibrational frequencies of the material [12]. 
As a result, Raman spectroscopy is very useful to examine various functional groups of 
a material based on their characteristic frequencies. Typically, Raman scattering data is 
presented as intensity versus wavelength shift in cm
-1
. In this study, Raman 
spectroscopy was used to characterize the structure of the carbon coating for the 
investigated phosphate-based cathode materials. The Raman spectroscopy analysis was 
performed using Raman spectrometer JYT6400. 
 
3.5.5 Inductively Coupled Plasma Optical Emission Spectrometry  
Inductively coupled plasma optical emission spectrometry (ICP_OES) is a very 
useful tool for elemental analysis and determination. In ICP_OES, the sample is heated 
at high temperature which can cause the sample to dissociate into atom due to huge 
ionization.  Once the atoms or ions are in their excited states, they can decay to lower 
states through thermal or radiative (emission) energy transitions [14]. The emitted 
radiation at a specific wavelength is the characteristic of a particular element. The 
measurement of the intensity of the emission can be used to determine the 
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concentration of the element in the sample. In the experiment, the elemental analysis 
of the prepared materials was determined using 5300DV ICP_OES System (Perkin 
Elmer Dual-view Optima). To determine the carbon content, the sample is burned in 
an excess oxygen environment, and the product of the combustion (CO2) is collected 
by trap and measured by a detector. The weight of the resulting CO2 is used to 
calculate the composition of carbon in the sample. In the experiment, the carbon 
content for the prepared samples was analyzed by Elementar Vario MICRO CUBE 
instrument. 
 
3.5.6 Brunauer-Emmett-Teller Surface Area Analysis 
Brunauer-Emmett-Teller (BET) surface area analysis is a surface area 
measurement technique that is based on the principle of physical gas adsorption on a 
solid material surface [15-17]. This measurement technique can be used to determine 
the surface area, pore size (nanopores, micropores and mesopores) and pore size 
distribution of a solid material. During the analysis, the material is cooled by liquid 
nitrogen and gas nitrogen is released stepwise to the sample in order to obtain 
detectable amounts of adsorption under a pressure condition less than atmospheric 
pressure [18]. The changes of the pressures due to the adsorption process are 
monitored by a pressure transducer. Once reaching a saturation pressure where no 
more adsorption can occur, the sample is removed from the nitrogen atmosphere. Then, 
it is heated to release the adsorbed nitrogen. Finally, the amounts of gas adsorbed and 
desorbed are quantified. The data are plotted as a function of the relative pressure to 
produce adsorption and desorption isotherms. These isotherms can provide the 
information about the surface area and porosity of the sample. In the experiment, BET 
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surface area analysis for the investigated materials was performed using NOVA 2200e 
Surface Area & Pore Size Analyzer (Quantachrome Instruments).  
 
3.5.7 Electron Spin Resonance Spectroscopy 
 Electron spin resonance (ESR) spectroscopy is a technique used to detect 
changes in electron spin configuration [19]. The measurement depends on the presence 
of permanent magnetic dipoles (unpaired electrons) which occurs in majority of the 
transition metal ions. In a typical analysis, the ESR measurement is conducted at 
microwave frequencies in the presence of magnetic field under a very low temperature 
condition (liquid helium temperature). This magnetic field is varied at a constant 
frequency to produce ESR spectra.  The absorption energy corresponding to the spin 
transition at the resonant condition is given by below equation [19]: 
 
 
ΔU = hf = geH           3.7 
 
 
where h is Planck’s constant (6.6 x 10-34 Js),  f is frequency, e is Bohr magneton 
constant (e = 9.723 x 10
-12
 J/G), and H is the strength of the applied magnetic field. 
The factor g (gyromagnetic ratio) depends on the specific paramagnetic ion, its 
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Chapter 4:  LiFePO4 
 
4.1 Introduction 
LiFePO4 has been identified as a potential cathode material for rechargeable 
lithium-ion batteries, in particular for high energy and power density applications in 
electric automobiles. In comparison to current commercial unstable, toxic and 
expensive LiCoO2 cathode material, LiFePO4 offers numerous advantages such as 
environmental benignity, cost effective, high safety, flat voltage plateau (3.45 V vs. 
Li/Li
+
) and high theoretical storage capacity (170 mAh/g vs. Li/Li
+
) [1, 2]. 
Nevertheless, its high rate storage performances are impeded by sluggish lithium ion 
and electron conductivities which lead to large polarization. In this context, several 
approaches have been developed to surmount these problems: (i) reducing the particle 
size (nanostructuring approach) [3-7], (ii) conductive coating (carbon or metal) of 
LiFePO4 [3-8] and (iii) aliovalent ions (Mg, Ti, Zr, Nb) doping [3, 9]. 
LiFePO4 has an orthorhombic olivine structure, space group Pnma which 
consists of PO4 tetrahedra with Fe
2+
 ions on corner-sharing octahedral positions in the 
bc-plane, and lithium ions on edge-sharing octahedral stacked along the b-axis, <010>. 
Previous ab-initio calculations [10], atomistic simulations [11] and experimental 
visualization of lithium diffusion in LiFePO4 by combined high temperature powder 
neutron diffraction and maximum entropy method (MEM) [12] showed that lithium 
ions preferably transported along the b-axis rather than a- and c-axes. However, Amin 
et al. [13] reported that lithium ionic conductivity was essentially two-dimensional, 
nearly four orders of magnitude lower than the electronic conductivity along the b- and 
c-axes based on the anisotropic measurement of electronic and ionic conduction in 
LiFePO4 single crystals. These results were consistent with the report by Ellis et al. [14] 
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based on Mössbauer spectroscopy measurement which claimed that the small polaron 
carrier mobility in LiFePO4 was expected to be two-dimensional with motions of 
electrons and lithium ions being correlated. The two-dimensional character of lithium 
diffusion in LiFePO4 was further supported by a recent ab-initio analysis by Malik et 
al. [15] who postulated that the lithium diffusion was almost isotropic in a large crystal 
due to the presence of anti-site defects (intersite exchange of lithium ions and iron ions 
forming anti-site pairs (Li’Fe - Fe
•
Li). Similar observation on the two-dimensional 




 anti-site defects was also 
found in molecular dynamics and Monte Carlo simulations using bond valence (BV) 
model by Adams [16]. Such anti-site defects are suggested to be the most probable 
defects based on the calculation of their formation energy [11, 17]. It may be noted 
that the formation of the anti-site defects are highly dependent on sintering temperature 
and experimental synthetic conditions [18, 19]. 
Therefore, in order for LiFePO4 to achieve high rate performances, the 
crystallite size of LiFePO4 has to be reduced along the b- and c-axes. Moreover, the 
reduction of the crystallite size down to nanoscale is highly favourable, since studies 
showed that the phase separation between LiFePO4 and FePO4 during the 
electrochemical reaction was dynamically suppressed in nanosized LiFePO4, which 
will favour its high rate capability [20, 21]. Previously, Saravanan et al. [22, 23] have 
shown improved electrochemical performances for LiFePO4/C by synthesizing 
nanoplates with controlled b-axis thickness (~30 nm) using solvothermal method. The 
synthesized LiFePO4/C nanoplates exhibited storage performances of 165 mAh/g at 
0.1C and 46 mAh/g at 30C. However, the storage performances showed considerable 
polarization at rates beyond 2C. It is a natural question to know how the storage 
performances would be affected when both b- and c-axes are reduced to nanosize 
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together with uniform carbon coating. Such reduction in b- and c-axes would be indeed 
relevant for enhancing storage performances provided the anti-site defects are 
predominant in the material prompting two-dimensional lithium diffusion.  
Thus, present study aimed to (a) produce nanostructured mesoporous 
LiFePO4/C in which not only the thickness of b-axis was reduced down to 30 nm, but 
also the c-axis was controlled to ~30 nm and (b) introduce a uniform coating of very 
thin conductive carbon layer (~5 nm) to improve the electronic wiring of the material 
for efficient charge transport. We adopted soft template approach to achieve such 
mesoporous morphology of LiFePO4/C in contrast to solvothermal approach that was 
used previously for the synthesis of LiFePO4/C nanoplates where only b-axis thickness 
could be controlled. We have systematically evaluated the electrochemical 
performances of nanostructured mesoporous LiFePO4/C and the results were compared 
with solvothermal LiFePO4/C nanoplates reported previously [22, 23]. 
 
4.2 Experimental Procedures 
4.2.1 Synthesis of Nanostructured Mesoporous LiFePO4/C  
All chemicals and solvents reported in the present investigation are 
commercially available and used as received unless otherwise stated. For the synthesis 
of mesoporous LiFePO4/C material, stoichiometric amount of starting materials, 
LiH2PO4 and Fe(C2H3O2)2 were dissolved in the mixture of 0.01M cetyl 
trimethylammonium bromide (CTAB) ethanol solution, followed by addition of  
deionised water into the solution. The solution was stirred for 48 h and dried using 
rotor evaporator at 70 °C. The dried powder was then calcined in tube furnace under 




4.2.2 Materials Characterization 
The phase purity and crystal structures of the synthesized LiFePO4/C 
compound were determined by X-ray diffractometer (6000 SHIMADZU, Japan) using 
Cu-Kα radiation (λ = 1.54056 Å). The morphologies and microstructures of the 
material were analyzed by HITACHI S4300 field emission scanning electron 
microscopy (FESEM) at 15 kV, and JEOL-2010F transmission electron microscopy 
(TEM) at 200 kV. Raman spectroscopy (JYT6400) was used to characterize the 
structure of carbon coating. The carbon content of LiFePO4/C was determined using 
CHNS elemental analyser (Elementar Vario MICRO Cube). Brunauer-Emmett-Teller 
(BET) surface area measurements were conducted with nitrogen at 77 K by Nova 
2200e surface area analyzer (Quantachrome, USA). The sample was degassed under 
vacuum at 130 
o
C for 12 h prior to measurement. 
 
4.2.3 Electrochemical Measurements 
The LiFePO4/C cathode electrodes were prepared by mixing active material, 
super P carbon black and polyvinylidene difluoride (PVDF) (Kynar 2801) at a weight 
ratio of 70:15:15 in N-methyl-2-pyrrolidone (NMP) solvent. Electrodes were prepared 
using an etched aluminium foil (20 μm thick) as current collector by doctor-blade 
technique. Electrochemical performances of the electrodes were investigated using 
CR2016 coin-type cells. The cells assembly was performed in argon-filled glove box 
(MBraun, Germany). Celgard 2502 membrane was used as the separator, lithium metal 
foil was used as the anode, and 1 M lithium hexafluorophosphate (LiPF6) in ethylene 
carbonate/diethyl carbonate (1:1, v/v ratio) (Merck) was used as the electrolyte. The 
galvanostatic cycling and cyclic voltammetry (CV) tests were performed between 2.3 
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and 4.3 V at room temperature using computer controlled Arbin battery (Model 
BT2000, USA) and VMP3 (Bio-Logic SA, France) testers. 
 
4.3 Results and Discussion 













Figure 4.1: X-ray diffraction patterns of LiFePO4/C prepared by soft template method 
and calcined at (a) 600 °C, (b) 650 °C and (c) 700 °C for 6 h 
 
Figure 4.1 shows the XRD patterns of LiFePO4/C prepared by the soft template 
method followed by calcination at different temperatures. Optimization of calcination 
temperature is important in order to obtain good crystallinity of pure phase LiFePO4. 
As shown in the XRD patterns, LiFePO4/C calcined at 600 °C for 6 h contains a few 
Li3PO4 impurity peaks at angle 2 = 22.20° and 23.19°. Nevertheless, these impurity 
peaks disappear and highly crystalline phase of pure LiFePO4/C is formed upon 
increasing the calcination temperatures to 650 °C and 700 °C for 6 h. All peaks in the 
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XRD spectra for the phase-pure LiFePO4/C are indexed to orthorhombic olivine-type 
structure of LiFePO4 (ICDD PDF2: 83-2092, space group, Pnma (62)).  
Since LiFePO4/C calcined at 650°C for 6 h provided the best electrochemical 
performances (this will be discussed in the electrochemical performance section), we 
performed detailed structural analysis on this sample. We have used General Structure 
Analysis System (GSAS) software [24] to perform the XRD Rietveld refinement for 
this sample and the previously reported solvothermal LiFePO4/C nanoplates [22, 23]. 
As shown in Figure 4.2, the fit between the calculated and the observed data are 
excellent for all samples with Rwp = 3.62 % and Rp = 2.83 % for LiFePO4/C prepared 
by soft template method; and Rwp = 4.27 % and Rp = 3.41 % for solvothermal 
LiFePO4/C nanoplates. The fitted cell parameters obtained by Rietveld refinement for 
both samples are shown in Table 4.1. The obtained cell parameters for both samples 
are in good agreement with the standard LiFePO4 (ICDD PDF2: 83-2092). XRD 
Rietveld refinement estimates that the anti-site defects concentration (iron on lithium 
sites) for the LiFePO4/C prepared by soft template method at 650 °C for 6 h is around 
8.2 ± 0.5 % whereas for the solvothermal LiFePO4/C nanoplates, the anti-site defects 
concentration is estimated to be around 5 ± 0.5 %. The very broad background peaks 
due to minor amounts of carbon indicating that the carbon formed from the 
decomposition of CTAB surfactant is nearly amorphous. In the Rietveld refinement, 
the presence of amorphous carbon was included based on a structure model in space 
group Pban suggested by Fayos et al. [25]. 
 Figures 4.3a-c shows the FESEM images of pure phase LiFePO4/C powders 
obtained by soft template method at 650 °C and 700 °C for 6 h. It is seen from the 
FESEM images (Figure 4.3a-b) that the LiFePO4/C calcined at 650 °C for 6 h has 


























Figure 4.2: Rietveld refinement profiles of (a) LiFePO4/C prepared by soft template 




for 6 h and (b) solvothermal LiFePO4/C nanoplates. Measured profile: 
red points, calculated: black line, difference: blue line  
 
 
Table 4.1: XRD Rietveld refinement cell parameters for LiFePO4/C prepared by soft 




for 6 h and solvothermal LiFePO4/C nanoplates 
Sample Lattice Constant (Å) Cell Volume 
(Å
3
) a b c 
Soft template LiFePO4/C, 
650 °C, 6 h 
10.3272 6.0049 4.6944 291.11 
Solvothermal LiFePO4/C 
nanoplates 
10.3266 6.0046 4.6916 290.91 











Rwp =   3.62 % 
Rp =   2.83 %  













Rwp  =   4.27 % 
Rp =   3.41 % 
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high magnification, it can be observed that the plates are highly porous and they are 
constructed from well interconnected 20-30 nm individual nanograins. Owing to such 
unique architectures, the grain size along a-, b- and c-axes is well controlled within 30 
nm. With further increasing the calcination temperature to 700 °C for 6 h, LiFePO4/C 
forms big agglomeration (Figure 4.3c). High resolution transmission electron 
microscopy (HRTEM) image in Figure 4.3d shows carbon coating on the surface of 



























Figure 4.3: (a-b) FESEM images of LiFePO4/C prepared by soft template method at 
650 °C for 6 h,  (c) 700 °C for 6 h and (d) HRTEM image of carbon coating with 
thickness around 3-5 nm on the surface of LiFePO4/C prepared by soft template 
method at 650 °C for 6 h 
 
In order to further investigate the porous nature and the surface feature of 
LiFePO4/C calcined at temperature 650 °C for 6 h, we performed BET N2 adsorption-
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desorption analysis. Figure 4.4 shows the N2 adsorption-desorption isotherm of 
LiFePO4/C calcined at 650 °C for 6 h. Clear hysteresis loop is observed and the 
obtained isotherm can indicate that the LiFePO4/C belongs to the family of 
mesoporous material [26-27]. The estimated BET surface area is around 15.3 m
2
/g and 












Figure 4.4: N2 adsorption-desorption isotherm and corresponding BJH pore size 
distributions (inset) of LiFePO4/C calcined at 650 °C for 6 h 
 
The in-situ carbon coating on the surface of mesoporous LiFePO4/C is 
presumably formed by the decomposition of the long carbon chains from CTAB 
surfactant as well as the carbon source from the precursor used. Elemental analysis 
estimates around 3.9 ± 0.5 wt% of carbon in the mesoporous LiFePO4/C. It is well 
known that the structure of carbon coating can improve the high rate performances and 
electronic conductivity of LiFePO4 [28-31]. Raman spectroscopy was used to 
characterize the type of carbon coating present in the mesoporous LiFePO4/C calcined 





, which can be assigned to the D (disordered, sp
3
 type carbon) and G 
(graphene, sp
2
 type carbon) bands of the carbon coated on the surface of mesoporous 
LiFePO4, respectively. The estimated ID/IG ratio is around 0.85. Previous studies have 




 ratio can improve the electronic conductivity of 
LiFePO4 [32-34]. Therefore, the considerably low ID/IG ratio indicates presence of 
graphene cluster like carbon (G) than the disordered carbon residues (D) on the surface 
of mesoporous LiFePO4, which is expected to enhance the material electronic 













Figure 4.5: Raman spectrum of LiFePO4/C calcined at 650 °C for 6 h 
 
4.3.2 Electrochemical Performances 
The storage performances of LiFePO4/C prepared by the soft template method 
were investigated by galvanostatic and cyclic voltammetry testing. Figure 4.6 shows 
the electrochemical performances of LiFePO4/C prepared by the soft template method 
at 650 °C for 6 h at 0.1C rate. The material displays stable charge voltage plateau at 






















3.45 V and discharge voltage plateau at 3.39 V, indicating lithium deintercalation-
intercalation reactions (Equation 4.1) in LiFePO4. 
 
 
LiFePO4                    xFePO4  +  (1-x)LiFePO4  +  xLi
+
  +  xe
-
                        4.1 
 
 
From Figure 4.6a, it can be observed that the capacity of the LiFePO4/C 
calcined at 650 °C for 6 h gradually increases from an initial capacity of 151 mAh/g 
and stabilizes at 168 mAh/g at 0.1C with Coulombic efficiency of 99.2 % upon 30 
cycles, approaching theoretical capacity of 170 mAh/g. The improvement in storage 
capacity with cycle life could be ascribed to the continuously increase in the active 
surface area of these mesostructured LiFePO4/C material upon electrochemical cycling 
which allows penetration of electrolyte into the core of the active material. Similar 
observation was also found and had been discussed in previous studies [35-38]. To 
further investigate the high rate storage performances of the prepared LiFePO4/C, the 
material was tested at different C rates. Figure 4.6b shows the charge-discharge 
profiles at different C rates of LiFePO4/C calcined at 650 °C for 6 h. It is observed that 
the discharge capacity decreases as the C rate increases. Nevertheless, the material still 
demonstrates good discharge capacity of 143, 131, 108, 89, 77 and 59 mAh/g at 1, 2, 5, 
10, 20 and 30C, respectively.  
In comparison to the storage performances of LiFePO4/C calcined at 650 °C for 
6 h, LiFePO4/C calcined at 700 °C for 6 h shows lower storage performances. 
LiFePO4/C calcined at 700 °C for 6 h can deliver an initial discharge capacity of 139 
mAh/g and the discharge capacity stabilizes at 151 mAh/g at 0.1C upon 30 cycles 
(Figure 4.6c). The discharge capacity decreases to 123 mAh/g at 1C and 105 mAh/g at 



















Figure 4.6: Room temperature galvanostatic charge-discharge cycle profiles in 
potential window of 2.3-4.3 V for LiFePO4/C prepared by soft template method at 
650 °C for 6 h (a) at 0.1C up to 30 cycles and (b) at different C rates; LiFePO4/C 
prepared by soft template method at 700 °C for 6 h at (c) 0.1C up to 30 cycles and (d) 
at different C rates 
 
 
Table 4.2: Comparison of discharge capacity at different C rates for LiFePO4/C 
prepared by soft template method at 650 °C and 700 °C for 6 h  
 
 
                            Discharge Capacity (mAh/g) at Different C Rates 
Calcination 
Temperature 
0.1C 1C 2C 5C 10C 20C 30C 
650 °C, 6 h 168 143 130 108 89 73 59 
700 °C, 6 h 151 123 105 91 74 52 29 
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1, 5, 10, 15, 20, 25, 30 cycle
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30C (Figure 4.6d). In addition, it also can be observed that the polarizations of 
LiFePO4/C calcined at 700 °C for 6 h are much larger than the LiFePO4/C calcined at 
650 °C for 6 h especially upon increasing the C rates. The poor storage performances 
and large polarizations of LiFePO4/C calcined at 700 °C for 6 h could be attributed to 
its large agglomerated particle size which can prevent the rapid transportation of 
lithium ions and electrons along b- and c-axes [39, 40]. Table 4.2 shows the 
comparison of discharge capacity at different C rates for LiFePO4/C calcined at 650 °C 
and 700 °C for 6 h. 
Since LiFePO4/C calcined at 650 °C for 6 h provided the best storage 
performances, long-term galvanostatic cycling at various C rates was performed on 
this sample in order to investigate its cycling stability. Figure 4.7 shows the discharge 
capacity for 30 cycles at different C rates. From the figure, we can observe that the 
material able to demonstrate stable cycleability up to 30C. It is noteworthy that when 
the applied current reverses to 0.1C after multiple cycles at different C rates, almost 
full initial discharge capacity (164 mAh/g) can be retrieved. To further investigate its 
long-term cycling stability, we extended charge-discharge cycling tests at 2C and 5C 
up to 1000 cycles (Figure 4.8). Interestingly, the material still can deliver discharge 
capacity of around 115 mAh/g at 2C (87.8 % of its initial discharge capacity, 131 
mAh/g) and 100 mAh/g at 5C (92.6 % of its initial capacity, 108 mAh/g) after 1000 
cycles. This clearly demonstrates the excellent structural stability of the prepared 
mesoporous LiFePO4/C upon long-term charge-discharge cycles.  
Figure 4.9 shows the cyclic voltammograms of LiFePO4/C calcined at 650 °C 
and 700 °C for 6 h at a scan rate of 0.058 mV/s in the voltage window of 2.3-4.3 V. 
The cyclic voltammograms for both samples display two distinct anodic and cathodic 


















Figure 4.7: Rate performances of LiFePO4/C prepared by soft template method at 















Figure 4.8: Cycling performances of LiFePO4/C prepared by soft template method at 




is observed at around 3.5 V whereas the cathodic peak is observed at around 3.3 V for 
both samples. No significant change in the potential of the anodic and cathodic peaks 
upon cycling up to 5 cycles, indicating good reversibility of both systems. In addition, 
































































it can be noticed that the peak currents of both samples gradually increase upon 
cycling. This observation is consistent with the gradual increase in the storage capacity 










Figure 4.9: Room temperature cyclic voltammograms for LiFePO4/C calcined at (a) 
650 °C and (b) 700 °C for 6 h at a scan rate of 0.058 mV/s 
 
 
4.3.2.1 Comparison of Electrochemical Performances for Mesoporous LiFePO4/C 
and Solvothermal LiFePO4/C Nanoplates 
As stated previously, LiFePO4/C nanoplates (a- and c-axes in the range of 500-
800 nm, b-axis ~30 nm) from solvothermal method [22, 23] showed prominent storage 
performances at low rate. However, its high rate performances were unappealing, 
mainly due to pronounced polarization effect. For example, the plateau behaviour is 
lost at 2C. Therefore, to mitigate this problem, in present study, we synthesized 
LiFePO4/C in meso-architectures, with both b- and c-axes confined to 30 nm that will 
be beneficial in rendering rapid two-dimensional lithium ion mobility thus, enhancing 
the rate performances. Figure 4.10 shows the comparison of morphology and charge-
discharge performances of mesoporous LiFePO4/C (calcined at 650 °C for 6 h) with  
LiFePO4/C nanoplates at 2C. It can be seen that mesoporous LiFePO4/C exhibits 
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Figure 4.10: Comparison of morphology for (a) LiFePO4/C nanoplates prepared by 
solvothermal method (Springer [41], Figure 1b, with kind permission from Springer 
Science and Business Media) and (b) mesoporous LiFePO4/C prepared by soft 
template method. Galvanostatic charge-discharge performances at 2C of (c) 
LiFePO4/C nanoplates prepared by solvothermal method [22, 23] and (d) mesoporous 
LiFePO4/C prepared by soft template method (potential window 2.3-4.3 V, recorded at 
room temperature) 
 
discharge capacity of 130 mAh/g at 2C with clear voltage plateaus and reduced 
polarization (175 mV) whereas nanoplates exhibit considerably large polarization (653 
mV) at the same rate 2C. The retention of such well defined voltage plateaus 
especially at high rate in mesoporous LiFePO4/C (Figure 4.10d and 4.6b) reflects high 
energy efficiency and is relevant for industry applications. Besides less polarization, 
the mesoporous LiFePO4/C is capable of storing 59 mAh/g at 30C unlike LiFePO4/C 
nanoplates (46 mAh/g) [22, 23] without any voltage plateaus. These enhanced storage 
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behaviours of the mesoporous LiFePO4/C can be attributed to their well interconnected 
nanograins (30 nm) combining with carbon coating, providing a facile transport for 
electrons and an ease of insertion/extraction of lithium ions along both b- and c-axes. 
Such two-dimensional lithium diffusion is consistent with previously reported 
LiFePO4 single crystal data [13] as well as ab-initio study [15].  
Furthermore, the two-dimensional lithium diffusion character in the 
mesoporous LiFePO4/C is closely associated with the presence of anti-site defects. 
XRD Rietveld refinement revealed higher anti-site defects concentration in the 
mesoporous LiFePO4/C (8.2 ± 0.5 %) in comparison to solvothermal LiFePO4/C 
nanoplates (5 ± 0.5 %). In the absence of such anti-site defects, we expect one-
dimensional lithium diffusion as per the literature reports [10-12]. Recent ab-initio 
study [15] of the size effect on lithium diffusion in LiFePO4 due to the presence of 
anti-site defects which influences the dimensionality of lithium ion transport strongly 
supports our observation. We believe that the stabilization of high fraction of anti-site 
defects in mesoporous LiFePO4/C could be one of the reasons for the two-dimensional 
lithium diffusion, enhancing its storage performances especially at high rates 
compared to its counterpart LiFePO4/C nanoplates which exhibit effectively one-
dimensional lithium diffusion. Such LiFePO4/C nanoplates with short b-axis (~30 nm) 
and long c-axis (500-800 nm), though its c-axis could be conducting due to anti-site 
defects, it is not effectively useful in enhancing the rate performances. However, in 
mesoporous LiFePO4/C with both b- and c-axes being short (~30 nm) and presence of 
higher fraction of anti-site defects can favour two-dimensional diffusion in extracting 
all lithium ions in short time along either b- or c-axis. Therefore, this can further 
explain the reason of having significantly less polarization loss at high rates in 
mesoporous LiFePO4/C. Despite the fact that the mesoporous LiFePO4/C has been 
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synthesized at 650 
o
C for 6 h, the reason for the presence of high degree of anti-site 
defects in our sample is unclear at the moment. In another view, whether the nano-
sized mesoporous LiFePO4/C could stabilize high fraction of anti-site defects upon 
calcination is still an open question. 
 
4.4 Conclusion 
In summary, we succeeded in developing a simple soft template method for 
preparing mesoporous LiFePO4/C. The as-prepared material exhibited excellent 
storage performances of 168 mAh/g, 143 mAh/g, 130 mAh/g and 59 mAh/g at 0.1, 1, 2 
and 30C, respectively. Furthermore, it demonstrated stable cycling performances up to 
1000 cycles at 2C and 5C without significant capacity fading. The mesoporous 
LiFePO4/C prepared at 650 °C for 6 h showed remarkably improved storage 
performances with clear voltage plateau and reduced polarization especially at high 
rates in comparison to our previously reported LiFePO4/C nanoplates. This could be 
attributed to the confined crystallite size (within 30 nm) along with the higher 
concentration of anti-site defects, compared to LiFePO4/C nanoplates. In addition, the 
exterior conductive carbon coating provides connectivity for facile electron diffusion, 
resulting in high rate performances. These combined features facilitate rapid lithium 
diffusion in two dimensions (b- and c-axes), supporting earlier published LiFePO4 
single crystal data. Present study can provide valuable insights into the correlation of 
anti-site defects concentration with two-dimensional lithium diffusion in improving the 
high rate performances of olivine LiFePO4. The simple and commercially viable soft 
template synthesis approach can be extended to prepare other potential electrode 
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Chapter 5: α-Li3V2(PO4)3 
 
5.1 Introduction 
Intrigued by the commercial success of LiFePO4, framework materials based on 
transition metal phosphate polyanion such as LiMPO4 (M= Co, Ni, Mn) [1-5] and 
Li3M2(PO4)3 (M = Fe, V, Ti) [6-9] have been identified as the potential cathode 
materials to replace LiCoO2 for lithium-ion battery applications. This is because these 
materials can exhibit better thermal stability, better safety, competitive energy density 
and power density as compared to unstable LiCoO2. Among these materials, monoclinic 
α-Li3V2(PO4)3 has received considerable attention as a prospective cathode material 
due to its high storage capacity (197 mAh/g vs. Li/Li
+
) in the voltage window of 3.0-
4.8 V allowing extraction of three lithium ions [8, 10-14]. Notably, this storage 
capacity is known so far the highest among all phosphate-based cathode materials. 
Unlike olivine LiFePO4 with low dimensionality of lithium diffusion [15, 16], α-
Li3V2(PO4)3 with space group P21/n comprises of a three-dimensional framework of 
metal octahedral (VO6) and phosphate tetrahedral (PO4) sharing oxygen vertices [17-19] 
enables lithium ions to transport in three-dimensional pathways [20, 21], resulting in 






/s) [22]. However, similar to LiFePO4, the main 





[23] which can hinder its applications in high power applications.  
Although many studies have been performed to improve the performances of α-
Li3V2(PO4)3, only a few studies reported on the high rate performances and the cyclic 
stability of α-Li3V2(PO4)3. Chang et al. [24] reported that α-Li3V2(PO4)3/C prepared by 
hydrothermal method can achieve initial discharge capacity of 178, 172, 170, 167 and 
164 mAh/g at 0.1, 0.5, 1.0, 2.0 and 5.0C, respectively. Discharge capacity of 136, 132 
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and 127 mAh/g can still be obtained for this hydrothermally prepared material even 
after 100 cycles at 1.0, 2.0 and 5.0C, respectively. However, no further higher C rates 
were reported in their studies. In another report, Fu et al. [19] reported that α-
Li3V2(PO4)3/C obtained from solid state reaction can demonstrate good cyclic 
performances (137.5 mAh/g at 50th cycle (1C), 94.6 % of initial discharge capacity) 
and rate behaviour (130.7 mAh/g (2C) and 111.0 mAh/g (5C) for initial discharge 
capacity). Recently, Qiao et al. [25] produced porous spherical α-Li3V2(PO4)3/C 
composites (2-5 μm in sizes) via soft chemistry route followed by carbothermal 
reduction. The material can display discharge capacity of 183.8, 160.9, 134.5 and 
121.5 mAh/g at 0.2, 1, 10 and 15C rates, respectively. However, cyclic performances 
were reported only for 10 cycles in their study. 
In this study, we attempted to develop α-Li3V2(PO4)3/C in mesoporous 
nanostructures with the aim to improve its high rate performances. It is known that 
nanostructured mesoporous materials can improve the electrode/electrolyte wettability, 
reduce the transport length for both lithium ions and electrons and thus, enhance the 
rate performances [26, 27]. We proposed that to form the nanostructured mesoporous 
α-Li3V2(PO4)3/C with desirable electrochemical properties, the grain size of α-
Li3V2(PO4)3  has to be small (~20-30 nm) (Figure 5.1). Further, it is necessary to 
introduce thin layer of conductive carbon coating on the surface of the nanograin to 
improve the electronic conductivity. Each nanograin should be well interconnected 
with each other in order to form large aggregate of α-Li3V2(PO4)3/C secondary particle. 
Finally, all the secondary particles will resemble or integrate with each other to form 
the whole matrix of α-Li3V2(PO4)3/C powder. Such unique mesoporous architectures 
will enable easy access of electrolyte to penetrate or wet throughout the α-
Li3V2(PO4)3/C particles. In addition, since the grain size of α-Li3V2(PO4)3 is small and 
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with a thin carbon coating, they can provide short transport length for both lithium ions 












Figure 5.1: Schematic diagrams for forming nanostructured mesoporous α-
Li3V2(PO4)3/C 
 
A simple solution based soft template synthesis method was developed to 
produce the nanostructured mesoporous α-Li3V2(PO4)3/C. This method is feasible for 
forming nanostructured mesoporous materials [28] and it does not require any 
cumbersome template removal at the end of the synthesis process [29]. The developed 
soft template method in the present study is simple and low cost, which is suitable for 
the mass production in one pot synthesis. Moreover, it enables homogeneous mixing of 
the reactants in the atomic level, allows the control of the particle size and morphology 







5.2 Experimental Procedures 
5.2.1 Synthesis of Nanostructured Mesoporous α-Li3V2(PO4)3/C 
All chemical precursors and solvents are commercially available and used as 
received without further purification. 0.01M of cetyl trimethylammonium bromide 
(CTAB) surfactant was dissolved in ethanol solution. After that, the starting materials, 
lithium acetate dihydrate (LiC2H3O2.2H2O), vanadium (IV) oxide bis(2,4-
pentanadionate)  (C10H14O5V) and ammonium dihydrogen phosphate ((NH4)H2PO4)  
in a stoichiometric molar ratio were added to the prepared CTAB-ethanol solution. 
Then, the solution was added with deionised water. The solution was stirred for 24 h 
and dried using rotor evaporator at temperature 70 °C. After drying, the obtained 
powder was calcined in tube furnace under argon atmosphere at 600-800 °C for 6 h.  
 
5.2.2 Materials Characterization 
The phases of the obtained α-Li3V2(PO4)3/C were characterized by X-ray 
diffraction (XRD) 6000 SHIMADZU, Japan with Cu-Kα radiation (λ = 1.54056 Å). 
The morphologies and microstructures of the obtained powder were investigated by 
HITACHI S4300 field emission scanning electron microscopy (FESEM) at 15 kV, and 
transmission electron microscopy (TEM) at 200 kV (JEOL-2010F). Resonant Raman 
scattering spectra for the α-Li3V2(PO4)3/C was recorded at room temperature using 
Raman spectrometer JYT6400. The carbon content for the prepared material was 
determined using CHNS elemental analyser (Elementar Vario MICRO Cube) whereas 
its chemical composition was analyzed using inductively coupled plasma analysis (ICP, 
Perkin-Elmer Optima 5300 DV OES). Brunauer-Emmett-Teller (BET) surface area of 
α-Li3V2(PO4)3/C was measured at 77 K on Nova 2200e surface area (Quantachrome, 
USA). The sample was degassed under vacuum at 130 
o
C for 12 h prior to the 
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measurement. Electron spin resonance (ESR) technique was used to investigate the 
valence state and the local coordination of vanadium ions in the α-Li3V2(PO4)3/C. ESR 
measurements were carried out by means of Bruker spectrometer at a frequency 
9.2 GHz (X-band) in the temperature range 10-300 K. The approximation of 
experimental ESR spectra was performed by means of EasySpin software. 
 
5.2.3 Electrochemical Measurements 
The α-Li3V2(PO4)3/C electrodes were prepared by mixing active material, super 
P carbon black and polyvinylidene difluoride (PVDF) (Kynar 2801) at a weight ratio 
of 75:15:10 in N-methyl-2-pyrrolidone (NMP) solvent. Then, the electrodes were 
fabricated using etched aluminium foil (20 μm thick) as current collector by doctor-
blade technique. Electrochemical performances of the electrodes were investigated 
using CR2016 coin-type cells. The cells assembly was performed in argon-filled glove 
box (MBraun, Germany). Whatman binder-free glass microfiber filter (type GF/F) was 
used as the separator, lithium metal foil was used as the anode, and 1 M lithium 
hexafluorophosphate (LiPF6) in ethylene carbonate/diethyl carbonate (1:1, v/v ratio) 
(Merck) was used as the electrolyte. The galvanostatic cycling and cyclic voltammetry 
(CV) tests were performed between 2.5 and 4.6 V at room temperature using computer 
controlled Arbin battery (Model BT2000, USA) and VMP3 (Bio-Logic SA, France) 
testers. AC impedance spectra were recorded using the VMP3 tester coupled with 







5.3 Results and Discussion 













Figure 5.2: XRD patterns of α-Li3V2(PO4)3/C calcined at (a) 600 °C, (b) 700 °C and (c) 
800 °C for 6 h   
 
XRD patterns of α-Li3V2(PO4)3/C compounds calcined at different temperatures 
are shown in Figure 5.2. From the XRD patterns, α-Li3V2(PO4)3/C phase appears at the 
calcination temperature of 600 °C for 6 h. However, impurity peak of Li3PO4 phase is 
detected at angle 2 = 22.4°. Furthermore, the intensities of the diffraction peaks are 
weak with the existence of the amorphous background, indicating poor crystallinity of 
α-Li3V2(PO4)3/C calcined at 600 °C for 6 h. This could also suggest incomplete 
formation of α-Li3V2(PO4)3/C phase. Once the calcination temperature is increased to 
700 °C for 6 h, a complete pure phase of α-Li3V2(PO4)3/C is formed. No change of 
diffraction pattern is observed when the calcination temperature is further increased to 




































































































Monoclinic α-Li3V2(PO4)3  (ICDD PDF: 01-074-3236)  
   
*   Li3PO4 
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800 °C for 6 h. Instead, better crystallinity and higher diffraction intensities are 
obtained for the α-Li3V2(PO4)3/C calcined at 800 °C for 6 h.  
In our study, we found that α-Li3V2(PO4)3/C calcined at 800 °C for 6 h yielded 
the best electrochemical performance results among all the samples tested (this will be 
discussed in electrochemical performance section). Therefore, we performed detailed 
Rietveld analysis on this sample (Figure 5.3). All of the diffraction peaks of α-
Li3V2(PO4)3/C calcined at 800 °C for 6 h can be well indexed to monoclinic α-
Li3V2(PO4)3 crystal structure (ICDD PDF: 01-074-3236, 2011 International Centre for  



















Figure 5.3: XRD Rietveld refinement of α-Li3V2(PO4)3/C calcined at 800 °C for 6 h.  
Measured profile: red points, calculated: black line, difference: blue line 
 
 
the calculated and the measured XRD patterns is excellent with the weighted factor Rwp 
of 4.00 %. The considerably small Rwp factor of the Rietveld refinement result implies 
that single phase α-Li3V2(PO4)3/C can be obtained by our synthesis method and no 
other impurities phases such as Li3PO4 and V2O3 are observed. The fitted unit cell 
parameters for the α-Li3V2(PO4)3/C are a = 8.6095 Å, b = 8.6041 Å, c = 12.0560 Å and 











Rp   =  3.12 % 
Rwp =  4.00 % 
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 = 90.490° and its cell volume is estimated to be 893.044 Å3. These values are 
matched well with those previously reported in the literature [8, 14, 19]. 
 No evidence of carbon diffraction peak detected for all samples. This could be 
attributed to the amorphous nature of the carbon. However, elemental analysis using 
elemental analyser (Elementar Vario MICRO Cube) detects around 8.0 ± 0.5 wt% of 
residual carbon in α-Li3V2(PO4)3/C calcined at 800 °C for 6 h. From the ICP analysis, 
Li, V and P contents in the mole ratio of 2.93 : 2.04 : 3 is obtained, which is in good 
agreement with the stoichiometry of α-Li3V2(PO4)3.  
 Field emission scanning electron microscopy (FESEM) was used to characterize 
the morphology of α-Li3V2(PO4)3/C. FESEM images show that α-Li3V2(PO4)3/C 
powders compose of aggregated particles with average particle sizes in the range 200-
300 nm (Figure 5.4). Upon observation under high magnification, the particles found to 
be constructed from well interconnected porous nanograins with average grain sizes 
around 20-50 nm. It was also observed that α-Li3V2(PO4)3/C could retain such a porous 
structure even after calcination at 800 °C for 6 h (Figure 5.4e and f). This could be 
attributed to the decomposition of the long chain cationic surfactant (CTAB) and the 
carbon sources from the starting precursors during the calcination process leading to 
the formation of in-situ carbon coating which can prevent the excessive grain growth of 
α-Li3V2(PO4)3/C and retain the porous architecture of α-Li3V2(PO4)3/C at high 
calcination temperature.   
TEM analysis (Figure 5.5a) further shows that α-Li3V2(PO4)3/C calcined at 
800 °C for 6 h forms agglomerated particles with average size around 200-300 nm. 
This observation is consistent with the FESEM images. From the TEM image in  
Figure 5.5b, the dark region is α-Li3V2(PO4)3  particle whereas the light grey region on 
the surface of the particle is carbon, implying that the α-Li3V2(PO4)3 particle is coated  
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by carbon. High resolution TEM (HRTEM) image shows carbon coating on the 
surface of α-Li3V2(PO4)3 particle, the thickness is estimated around 5 nm (Figure 5.5c). 





















Figure 5.4: FESEM images of nanostructured porous α-Li3V2(PO4)3/C at different 
calcination temperatures: (a-b) 600 °C, 6 h , (c-d) 700 °C, 6 h and (e-f) 800 °C, 6 h 
 
the calcination and provide the good electronic contact between α-Li3V2(PO4)3/C 















5.5c) which indicate highly crystalline nature of the obtained α-Li3V2(PO4)3/C. The 
measured width of the neighbouring lattice fringes is approximately 0.429 nm which 


















Figure 5.5: (a-b) TEM images and (c) HRTEM image of α-Li3V2(PO4)3/C calcined at 
800 °C for 6 h 
 
 
Further BET nitrogen adsorption-desorption measurements were performed to 
understand the porosity and the surface features of the prepared α-Li3V2(PO4)3/C. 
Figure 5.6 shows the N2 adsorption-desorption isotherms of α-Li3V2(PO4)3/C calcined 
at 700 and 800 °C for 6 h. Multipoint BET surface area of α-Li3V2(PO4)3/C calcined at 
700 and 800 °C for 6 h is estimated to be 14.1 and 22.1 m
2











estimated average BJH desorption pore size distributions are approximately 3-25 nm. 
Clear hysteresis loops can be observed in both samples which resemble a typical 









Figure 5.6: N2 adsorption-desorption isotherms and corresponding BJH pore size 
distributions (inset) of α-Li3V2(PO4)3/C calcined at (a) 700 
o
C and (b) 800 °C for 6 h  
 
 
The most severe limitation of α-Li3V2(PO4)3 cathode is it intrinsic low 
electronic conductivity. In order to achieve superior electrochemical performances, it 
is mandatory to have good conductive wiring among the surface of α-Li3V2(PO4)3 
particles. This electronic wiring must be permeable for lithium ions and efficient in 
transferring the electrons into/from α-Li3V2(PO4)3 particles to the corresponding 
current collector. The structure of the carbon coating of α-Li3V2(PO4)3/C calcined at  
800 °C for 6 h was characterized by Raman spectroscopy. As shown in Figure 5.7, the 
Raman spectrum shows two intense broad bands at 1362 and 1599 cm
-1
, which can be 
attributed to the D (disordered) and G (graphene) bands of the carbon coated on the 





Li3V2(PO4)3/C can be determined by the relative intensity ratio of the D and G band. 
Generally, the increase in sp
2
 type carbon or the decrease in D/G ratio can improve the 
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electronic conductivity and result in excellent rate capability [33, 34]. From the 
analysis, the ID/IG ratio of α-Li3V2(PO4)3/C is around 0.91. This indicates that the α-
Li3V2(PO4)3/C compound contains slightly higher amount of graphene (sp
2
) type 
conductive carbon than the disordered carbon (sp
3
) which will be favourable for 












Figure 5.7: Raman spectrum of α-Li3V2(PO4)3/C calcined at 800 °C for 6 h 
 
5.3.2 Electrochemical Performances 
Figure 5.8 shows the initial charge-discharge voltage profiles of α-
Li3V2(PO4)3/C calcined at 800 °C for 6 h at 0.1C rate (19.7 mA/g) in the voltage 
window of 2.5-4.6 V. Four voltage plateaus at around 3.59, 3.67, 4.07 and 4.54 V can 
be observed in the charge profile, which can be associated with the two phase 
transition process between different single phases of LixV2(PO4)3 (x = 3.0, 2.5, 2.0, 1.0, 
and 0). The obtained voltage plateaus are in good agreement with the previously 






















































2.5-4.6 V; 19.7 mA/g (0.1C)
reported studies [8, 10, 13, 14, 21, 35-37]. The sequences of the reactions at the 
voltage plateaus can be elucidated as follows [8, 10, 13, 14, 21, 35, 36, 38]:  
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Figure 5.8: Charge–discharge curves of α-Li3V2(PO4)3/C calcined at 800 °C for 6 h in 
voltage window 2.5-4.6 V 
 
During charging, the first lithium ion is extracted in 2 steps at the voltage 
plateaus of 3.59 and 3.67 V due to the existence of an ordered phase of Li2.5V2(PO4)3 
[13]. This is followed by the removal of the second lithium ion at a single voltage 
plateau of 4.07 V to form LiV2(PO4)3. All of these three successive voltage plateaus 
signify the two phase character of the electrochemical reaction in the associated 
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 redox couple. Ultimately, the third 
lithium ion is extracted at voltage plateau of 4.54 V. On the other hand, the discharge 
process shows an initial S-shaped curve of single phase region followed by two phase 
transition behaviour at voltage plateaus about 3.67 and 3.59 V. The observed voltage 
profiles during charge and discharge are the characteristic of the lithium deinsertion 
and insertion reactions of α-Li3V2(PO4)3. The initial discharge capacity of the prepared 
material can reach 178 mAh/g with coulombic efficiency of 91.3 %. 
The charge and discharge profiles at various C rates of α-Li3V2(PO4)3/C 
calcined at different temperatures are depicted in Figure 5.9. Table 5.1 shows the 
summary of the discharge capacity values at different C rates for α-Li3V2(PO4)3/C 
calcined at 600, 700 and 800 °C for 6 h. The α-Li3V2(PO4)3/C calcined at 800 °C for 6 
h shows the best discharge capacity, especially at high rates as compared to the 
discharge capacity of α-Li3V2(PO4)3/C calcined at 700 and 600 °C for 6 h. It can 
deliver a discharge capacity of 178, 131, 116, 109, 100 and 92 mAh/g at 0.1, 1, 5, 10, 
20 and 30C, respectively. It is worth noting that it can deliver a discharge capacity of 
82 mAh/g at 40C, 73 mAh/g at 60C and 59 mAh/g at 80C. Upon increasing the C rates, 
it is observed that the electrode polarization increases. The high rate performances are 
important for high power applications of lithium-ion batteries in electric automobiles. 
To the best of our knowledge, for the first time, we demonstrate here the high rate 
performances of α-Li3V2(PO4)3/C up to 80C.  
On the other hand, the low rate discharge capacity of α-Li3V2(PO4)3/C  calcined 
at 700 °C for 6 h are quite comparable to the discharge capacity of α-Li3V2(PO4)3/C 
calcined at 800 °C for 6 h from 0.1C up to 20C. α-Li3V2(PO4)3/C calcined at 700 °C 
for 6 h shows discharge capacity of 172, 132, 117, 107 and 100 mAh/g at 0.1, 1, 5, 10 




























Figure 5.9: Charge and discharge profiles of α-Li3V2(PO4)3/C calcined at (a) 600 °C, (b) 
700 °C and (c) 800 °C for 6 h at different C rates in voltage window 2.5-4.6 V. Testing 
was performed  at room temperature. 





















































































































































Table 5.1: Discharge capacity at different C rates of α-Li3V2(PO4)3/C calcined at 
600 °C, 700 °C and 800 °C for 6 h 
 
 
mAh/g at 30C, 76 mAh/g at 40C, 59 mAh/g at 60C and 41 mAh/g at 80C than the 
discharge capacity at the respective C rate of α-Li3V2(PO4)3/C calcined at 800 °C for 6 
h. This could be attributed to the better crystallinity of α-Li3V2(PO4)3/C calcined at 
800 °C for 6 h as indicated in the XRD analysis. Among all the compounds, α-
Li3V2(PO4)3/C calcined at 600 °C for 6 h demonstrates the lowest storage capacity 
which could be due to its poor crystallinity and incomplete formation of α-
Li3V2(PO4)3/C phase.  
Figure 5.10 shows the cyclic performances of α-Li3V2(PO4)3/C calcined at 
800 °C for 6 h at different C rates in the voltage window of 2.5-4.6 V. The initial 
discharge capacity is 178 mAh/g and it decreases to 157 mAh/g after 25 cycles at 0.1C 
(Figure 5.10 and Figure 5.11a). Fading is also found in previous studies [36, 38]. The 
capacity fading could be due to the dissolution of vanadium in electrolyte as reported 
in literatures [39, 40]. Nevertheless, α-Li3V2(PO4)3/C still exhibits excellent cyclic 
performances at high rates. At high rate, the exposure time of vanadium to electrolyte 
is lesser than the low rate. Therefore, the dissolution of vanadium in the electrolyte can 
be minimized and this could possibly lead to its stable cyclic performance at high rate. 
At 1C rate, the initial discharge capacity is 131 mAh/g with a coulombic efficiency of 
92.8 %. After 25 cycles, it can sustain discharge capacity of 128 mAh/g with 
coulombic efficiency of 96.5 % (Figure 5.10). With further storage performances up to 
 Discharge Capacity (mAh/g) at Different C Rates 
Calcination 
Temperature 
0.1C 1C 5C 10C 20C 30C 40C 60C 80C 
600°C, 6h 96 56 36 31 21 10 - - - 
700°C, 6h 172 132 117 107 100 88 76 59 41 
800°C, 6h 178 131 116 109 100 92 82 73 59 
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1000 cycles, the discharge capacity decreases to around 105 mAh/g (80.2 % of its 
initial capacity) (Figure 5.11b and Figure 5.12). In the case of higher C rate, for 
example at 20C, α-Li3V2(PO4)3/C can provide initial discharge capacity of 100 mAh/g 
and it can retain its discharge capacity of around 100 mAh/g without significant fading 










Figure 5.10: Discharged capacity versus cycle number of α-Li3V2(PO4)3/C calcined at 
800 °C for 6 h at different C rates in voltage window 2.5-4.6 V. Testing was performed 
at room temperature.   
 
 
Figure 5.13 shows the cyclic voltametry (CV) curves for α-Li3V2(PO4)3/C 
calcined at 600, 700 and 800 °C for 6 h. The CV was performed in the voltage window 
2.5-4.6 V at a scan rate 0.058 mV/s. The CV profiles of α-Li3V2(PO4)3/C calcined at 
700 and 800 °C for 6 h (Figure 5.13b-c) are almost similar where four oxidation peaks 
and three reduction peaks can clearly be observed in the profiles. In the case of the CV 
profile of α-Li3V2(PO4)3/C calcined at 800 °C (Figure 5.13c), four oxidation peaks can 
be located at 3.62, 3.69, 4.11 and 4.53 V and three reduction peaks can be observed at  
3.97, 3.64 and 3.56 V which are consistent with the charge-discharge plateaus 
observed in the galvanostatic test (Figure 5.8). These oxidation and reduction peaks 
indicate the lithium ion extraction and insertion processes. As shown in Figure 5.13d,   





























































Figure 5.11: Long-term galvanostatic charge-discharge profiles of α-Li3V2(PO4)3/C 
calcined at 800 °C for 6 h at (a) 0.1C and  (b) 1C (selected cycles are given) in the 











Figure 5.12: Discharge cyclic performances of α-Li3V2(PO4)3/C calcined at 800 °C for 
6 h at 1C and 20C up to 1000 cycles in voltage window 2.5-4.6 V 
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Figure 5.13: Cyclic voltammograms of α-Li3V2(PO4)3/C calcined at (a) 600 °C, (b) 
700 °C and (c) 800 °C for 6 h at a scan rate of 0.058 mV/s in the voltage window 2.5-
4.6 V; (d) reversible CV cyclic performances of  α-Li3V2(PO4)3/C calcined at 800 °C 
for 6 h. Testing was performed at room temperature. 
 
 
the CV curves of α-Li3V2(PO4)3/C calcined at 800 °C for 6 h show good reversibility 
with the redox peaks and their shapes as well as magnitude of current can be retained 
after several cycles. This implies good cyclic stability of α-Li3V2(PO4)3/C. 
Nevertheless, the CV profile (Figure 5.13a) of α-Li3V2(PO4)3/C calcined at 600 °C for 
6 h shows additional oxidation peak at 4.32 V and reduction peak at 4.21 V. 
Furthermore, the reduction peaks at 3.64 and 3.57 V are not clear. This could be 
attributed to the impure and incomplete phase formation of α-Li3V2(PO4)3 calcined at 
600 °C for 6 h. 
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AC impedance measurement was performed to understand the differences of 
rate performances for the as-prepared fresh α-Li3V2(PO4)3/C calcined at 600, 700 and 
800 °C for 6 h. Figure 5.14a shows the Nyquist plots of α-Li3V2(PO4)3/C calcined at 













Figure 5.14: (a) AC impedance spectra of α-Li3V2(PO4)3/C calcined at different 




kHz. The obtained impedance spectra can be satisfactorily fitted with an equivalent 
electrical circuit model as shown in Figure 5.14b with fitting parameter (χ2) in the 
range 0.001. The impedance spectra show an intercept at high frequency, followed by 
a depressed semicircle in the high-middle frequency region and a straight line in the 
low frequency region. The ohmic resistance, RΩ, which comprises of the resistances of 
the electrolyte, separator, electrode and other cell components can be represented by 
the intercept of the impedance on the Z real axis at high frequency. The charge transfer 
resistance, Rct in parallel combination with constant phase element, Q1 (double layer 
capacitance) can be represented by the depressed semicircle in the high-middle 
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Warburg diffusion (Wd) or diffusion of the lithium ions into the bulk of the electrode 
material and Q2 is the constant phase element which could refer to the accumulated 
capacitance. By comparison of the diameter of the semicircles as shown in Figure 
5.14a, it is noticed that α-Li3V2(PO4)3/C calcined at 800 °C shows lower charge 
transfer resistance than the α-Li3V2(PO4)3/C calcined at 600 and 700 °C. The charge 
transfer resistance values of α-Li3V2(PO4)3/C calcined at 800, 700 and 600 °C for 6 h 
are 19.3, 26.2 and 119.7 Ω, respectively. This suggests that the three-dimensional 
lithium diffusion in α-Li3V2(PO4)3/C calcined at 800 °C for 6 h is faster and together 
with its lower electrical resistance, this electrode material performs better at high rate 
than others. 
 
5.3.3 Electron Spin Resonance Spectroscopy: Investigation on the Valence State 
of Vanadium for α-Li3V2(PO4)3/C  
In order to investigate the changes in the local coordination of vanadium ions 
and to check their valence state during the electrochemical cycling for the best 
performing α-Li3V2(PO4)3/C (vs. Li/Li
+
) cell (α-Li3V2(PO4)3/C calcined at 800°C for 6 
h), the cells were dismantled after fully charging and discharging to 4.6 and 2.5V, 
respectively and studied by ESR. V
3+





F with spin S = 1. For such ions with an even number of electrons in the 
respective electronic shells singlet ground-state levels may result such that no ESR is 
observable. Indeed, we do not observe the ESR signal in as-prepared α-Li3V2(PO4)3/C 
samples which would be expected for vanadium ions in [3+] valence state. At the same 
time, by performing the ESR at low temperatures, we were able to resolve a weak 




ESR spectra of delithiated α-Li3V2(PO4)3/C are shown in Figure 5.15. 
Approximation of these spectra yield the best fit of experimental data for the powder 
spectrum, corresponding to the paramagnetic centers with effective spin S = 1/2 and 











Figure 5.15: ESR spectra of delithiated α-Li3V2(PO4)3/C 
 
the g-factor of V
4+
 ions in tetragonally distorted VO6 octahedra [41]. This is consistent 
with the electrochemical performance results, according to which vanadium changes 
its valency state from [3+] to [4+/5+] during charging. It should be noted that V
5+
 ion 
has no electrons in 3d electron shell and therefore this ion is ESR silent. Since 
vanadium has a nuclear spin I = 7/2, ESR spectra of V
4+
 ions are expected to contain 8 
lines of hyperfine structure due to the interaction of the electron spin (S = 1/2) with the 
nuclear spin of 
51
V. The absence of hyperfine structure of V
4+
 ion in the ESR spectrа 
of delithiated α-Li3V2(PO4)3/C can be associated with the presence of exchange 
interactions between vanadium ions [42]. Exchange interactions between magnetic 
ions in such magnetically concentrated compounds lead to the merging of the 
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hyperfine-structure lines into a single absorption line located at the center of gravity of 
the hyperfine lines.  
ESR spectra of as-prepared α-Li3V2(PO4)3/C are shown in Figure 5.16. 
Approximation of these spectra yield the best fit of experimental data for the powder 
spectrum, corresponding to paramagnetic centers with effective spin S = 1/2 and 











Figure 5.16: ESR spectra of as-prepared α-Li3V2(PO4)3/C 
 
centers determining the ESR spectra of the as-prepared and the delithiated phases of 
α-Li3V2(PO4)3/C have similar resonance parameters. This fact suggests that ESR 
spectra of the as-prepared compound corresponds to V
4+
 ions. The presence of V
4+
 
ions in the initial samples of α-Li3V2(PO4)3/C can be associated with small lithium 
non-stoichiometry. It is known that the integral intensity of absorption line is 
proportional to the concentration of paramagnetic centers. This fact allows us to 
determine the relative concentration of V
4+
 ions in the as-prepared and delithiated 
phases of α-Li3V2(PO4)3/C. As can be seen from Figure 5.17, the intensity of ESR 
spectrum of as-prepared α-Li3V2(PO4)3/C is much smaller than that of the delithiated 











one. The estimation of V
4+
 ions’ concentration in the as-prepared samples of 











Figure 5.17: ESR spectra of the as-prepared (black line) and the fully delithiated (red 
line) samples of α-Li3V2(PO4)3/C normalized to the mass 
 
It should be noted that ESR signal discussed above is not observed in the ESR 
spectra of relithiated α-Li3V2(PO4)3/C which has the same composition as as-prepared 
α-Li3V2(PO4)3/C (Figure 5.18). This fact indicates that vanadium ions giving rise to the 
ESR signal in the as-prepared samples change their valence state during the cycling of 
α-Li3V2(PO4)3/C cell. According to electrochemical performance results, the most 
probable change of the valence state of these ions after one charge-discharge cycle is 
their reduction to the V
3+
 ions. Since V
3+
 ions are ESR silent in our experiments the 
proposed changes in the valence state of vanadium ions are consistent with ESR data. 
The reduction of all vanadium ions to the valence state [3+] after the first charge-
discharge cycle corresponds to reversible intercalation of all lithium ions to the 
α-Li3V2(PO4)3/C. Thereby the host structure of α-Li3V2(PO4)3/C samples allows to use 
its maximum capacity during the first charge-discharge cycle. 
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Figure 5.18: ESR spectra of the as-prepared (black line) and the relithiated (red line) 




Through a facile soft template method, we successfully synthesized pure phase 
nanostructured mesoporous α-Li3V2(PO4)3/C and improved its high rate storage 
performances. The nanostructured mesoporous α-Li3V2(PO4)3/C comprised of 
aggregated particles with average grain sizes of 20-50 nm. Galvanostatic testing for the 
nanostructured mesoporous α-Li3V2(PO4)3/C calcined at 800 °C for 6 h exhibited 
initial discharge capacity of 178 mAh/g (0.1C), 131 mAh/g (1C) and 100 mAh/g (20C). 
Over 1000 cycles, it can retain a discharge capacity of 105 mAh/g at 1C and almost 
100 mAh/g at 20C. In addition, with further battery testing up to 80C, the electrode 
material can exhibit excellent storage performance of 59 mAh/g. The determined 
complete reduction of vanadium ions to the valence state [3+] after the first charge-
discharge cycles through ESR analysis and the low charge transfer resistance as 
evidenced in AC impedance measurement indicate that the as-prepared nanostructured 
mesoporous α-Li3V2(PO4)3/C is highly beneficial in facilitating the 3-D diffusion path 
260 280 300 320 340 360 380 400 420
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for both lithium ions and electrons during insertion-extraction processes, leading to it’s 
excellent high rate storage performances. 
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Chapter 6: α-LiVOPO4 
 
6.1 Introduction 
Since lithium-ion batteries are introduced in the marketplace, more attention 
has been paid to focus on improving the energy density and power density. Further 
efforts have been made to replace the current toxic and heavy layered metal oxide 
cathodes with safer, cheaper and less environmental impact electrode materials [1]. 
Phospho-olivines LiMPO4  (M = Fe, Mn, Co) [1-6] are considered one of the best 
alternatives for the transition metal oxides. Phospho-olivines possess a robust three-
dimensional framework, due to the PO4
3-
 polyanion, as strong P-O covalent bonds 
hinder the liberation of oxygen. These features provide an exceptional stability for the 
battery under abnormal conditions. Even though these phospho-olivines can provide 
considerably good thermal stability and energy density, they suffer from poor 
electronic and ionic conductivities [7-11]. Extensive works have been carried out to 
overcome these limitations [12]. 
 In the hunt for high energy density cathode material, lithium vanadyl phosphate 
(LiVOPO4) [13-16] is also considered as a potential contender. In comparison to 
LiFePO4, LiVOPO4 is less explored for applications in lithium-ion batteries. LiVOPO4 
has a theoretical capacity of 166 mAh/g which is quite close to the theoretical capacity 
of LiFePO4 (170 mAh/g). In addition, it shows higher lithium intercalation potential of  
 
Work described in this Chapter has been published in the following journal:  
K. Saravanan, H. S. Lee, M. Kuezma, J. J. Vittal and P. Balaya, Hollow α-LiVOPO4 
Sphere Cathodes for High Energy Li-ion Battery Application. Journal of Materials 
Chemistry, 2011. 21: p. 10042-10050. (http://dx.doi.org/10.1039/C0JM04428H) 
- Reproduced by permission of The Royal Society of Chemistry 
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nearly 4.0 V. The high theoretical energy density (166 mAh/g x 3.9 V = 647 Wh/kg) 
with appropriately high operating voltage makes it to be a fascinating alternate for high 
voltage cathode material in lithium-ion batteries. Based on the spatial arrangement of 
VO6 octahedra and PO4 tetrahedra units which host the lithium ions in the interstitial 
sites of the framework, LiVOPO4 exists mainly in two different crystallographic 
phases, namely orthorhombic -LiVOPO4 and triclinic α-LiVOPO4 [15]. Among these 
phases, -LiVOPO4 is extensively studied in view of lithium ion intercalation, and it 
shows better storage performances in comparison to the α-LiVOPO4 phase [17]. 
However, single crystal studies by Lii et al. [18] showed that the structure of α-
LiVOPO4 is a close-packed column of VO octahedra with all interstitial holes 
alternately filled with Li and P atoms; whereas in the -LiVOPO4, the interstitial hole 
is filled with a P atom and a Li atom is located in between the VO and PO4 
coordination polyhedra surrounded by six oxygen atoms leading to a distorted 
octahedron. As a result, -LiVOPO4 structure does not accomplish the steric condition 
as required for facile lithium ion transport. On the other hand, the high temperature α-
LiVOPO4 phase has more open framework with large Li sites in which Li atoms are 
loosely bound as compared to the metastable -LiVOPO4 [18].  
Since α-LiVOPO4 has favourable structural properties for lithium 
intercalation/deintercalation and it has potential to become next generation 4 V high 
energy density cathode material, we intended to study the electrochemical properties of 
α-LiVOPO4. Till now LiVOPO4 has been produced through high temperature ceramic 
routes [14, 19-21], hydrothermal methods [16, 18] or combination of these methods to 
obtain VOPO4 followed by lithiation to produce LiVOPO4 [14, 15]. However, these 
methods suffer from unavoidable high-energy utilization and polydispersed growth of 
the grains due to high processing temperatures (generally at 600-900 °C) which also 
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increase the material cost. Most of the LiVOPO4 produced by these methods resulted 
in the particle sizes of around 2-6 or above 6 μm and they exhibited poor materials 
utilization during cyclic performances [13, 22]. From an energy economy point of 
view, there is a growing concern to produce electrode materials via eco-friendly 
processes, such as low temperature solvothermal processes [23, 24]. Here, we 
developed a simple solvothermal method to produce the high temperature phase of 
LiVOPO4, namely, α-LiVOPO4. The judicious choice of experimental parameters 
helped to control the morphology of α-LiVOPO4 from hollow to hard spheres. These 
hollow α-LiVOPO4 spheres displayed superior electrochemical properties compared to 
the micron sized particles reported earlier. 
 
 
6.2 Experimental Procedures 
 
6.2.1 Synthesis of α-LiVOPO4  
 
All solvents and chemicals are commercially available and used as received 
unless otherwise stated. α-LiVOPO4 was prepared in a single step by solvothermal 
method. A mixture of vanadium (III) acetylacetonate (V(C5H7O2)3), lithium hydroxide 
(LiOH), ammonium dihydrogen phosphate ((NH4)H2PO4) and ascorbic acid (C6H8O6) 
in a 1 : 3 : 1.5 : 2 millimolar ratio was placed in a teflon-lined stainless steel reaction 
vessel. Ethylene glycol (25 ml) was added as solvent and the vessel was sealed tightly. 
The mixture was autoclaved at 300 °C for different durations in an oven and then it 
was allowed to cool naturally to ambient temperature. Finally, the obtained green 
precipitate was washed with ethanol and then dried. The α-LiVOPO4 powders were 






6.2.2 Materials Characterization 
X-ray diffraction (XRD) patterns were recorded using D5005 Bruker X-ray 
diffractometer equipped with Cu-Kα radiation. The accelerating voltage and current 
were 40 kV and 40 mA, respectively. A scan speed of 0.015 °/s was used to record the 
XRD patterns. The morphology of the product was examined using a field emission 
scanning electron microscope (FESEM) model JEOL JSM-6700F at 5 kV and a high 
resolution transmission electron microscope (JEOL JEM-2010). For FESEM 
examination, the sample surface was sputtered with platinum. For TEM analysis, the 
sample was dispersed in ethanol by sonication. Then, a drop of the dispersion was 
loaded on a Cu-grid and dried.  
 
6.2.3 Electrochemical Measurements 
For electrochemical studies, electrodes were fabricated with active material, 
super P carbon black and binder (Kynar 2801) in a weight ratio of 70:15:15 using N-
methyl pyrrolidone (NMP) as solvent. Electrodes were prepared using an etched 
aluminium foil (~20 μm thick) as a current collector through doctor-blade technique. 
Lithium metal foil, 1 M LiPF6 in ethylene carbonate (EC), diethyl carbonate (DEC) 
and dimethyl carbonate (DMC) (1:1:1, v/v) (Merck) and Celgard 2502 membrane were 
used as counter electrode, electrolyte and separator, respectively to assemble the coin-
type cells (CR2016) in an argon-filled glove box (MBraun, Germany). The cells were 
aged for 12 h before measurement. Charge-discharge cycling at a constant current 
mode was carried out using a computer controlled Arbin battery tester (Model, 
BT2000, USA) and cyclic voltammetry study was performed at room temperature 
using a computer controlled VMP3 (Bio-Logic SA, France). Raman spectrum was 
recorded on a Raman spectrometer JYT64000. 
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6.3 Results and Discussion 
6.3.1 Materials Characterization 
 
XRD was used to characterize the crystalline phase formation of α-LiVOPO4 
produced by the solvothermal method. It is clear from the XRD pattern (Figure 6.1) 
that pure phase of α-LiVOPO4 is formed during autoclave process at 300 °C for 20 h. 
All peaks in the XRD pattern are indexed to a triclinic phase. The structural refinement 
of the XRD pattern is made based on a triclinic structure using P1  space group. The 
obtained lattice parameters for the α-LiVOPO4 are a = 6.9089 Å, b = 7.3009 Å and c = 














Figure 6.1: XRD patterns of α-LiVOPO4 obtained at 300 °C for 20 h 
 
Several controlled experiments have been conducted in the study to establish 
the factors that govern the formation of α-LiVOPO4 hollow microspheres including the 
effects of (1) temperature, (2) time, (3) precursor and (4) solvent. 
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6.3.1.1  Effect of Temperature 
Pure phase of α-LiVOPO4 is observed only when the temperature is at 300 °C. 
Li3PO4 is formed when the temperature is below 300 °C. For the sake of comparison, 
Figure 6.2 shows the XRD patterns of the Li3PO4 powder which forms during the 
































Figure 6.2: XRD patterns of the products at different temperatures and time 
 
6.3.1.2 Effect of Time 
Figure 6.3 presents the FESEM images of α-LiVOPO4 obtained at various time 
durations. The formation of α-LiVOPO4 microspheres are observed when the reaction 
duration has reached 20 h (Figures 6.3a-c). The low magnification FESEM image 
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shows the sphere-like architectures of α-LiVOPO4 ranging from 1-10 μm in diameters 
(Figure 6.3b-c). The higher magnification FESEM image reveals that α-LiVOPO4 
microspheres are built from small two-dimensional nanoplates with thickness ranging 
from 80-120 nm (Figure 6.3c). These nanoplates are aligned interpenetrative to the 
spherical surface, directed towards the core of the sphere. Most of the spheres are 
broken at the center (Figures 6.3b-c). When the reaction time is increased to 30 h, 
microspheres start to elongate and become irregular in shape and size (Figures 6.3d-f). 
With further time progression to 40 h, the nanoplates fuse together to form the rice ball 














                                                                                  
 
Figure 6.3: FESEM images of α-LiVOPO4 prepared at 300 °C in different time 




































Figure 6.3: FESEM images of α-LiVOPO4 prepared at 300 °C in different time 

















6.3.1.3 Effect of Precursor 
While H3PO4 was used as a phosphate source, nanoplates were formed (Figures 
6.4 a-b). However, they are densely aggregated in the core and irregular in shape and 
size, which are also confirmed from the TEM analysis (Figure 6.4c). Figure 6.4d 
shows the high resolution TEM (or HRTEM) image and the selected area electron 





























Figure 6.4: (a-b) FESEM and (c) TEM image of the obtained α-LiVOPO4 using H3PO4. 
(d) High resolution TEM image and selected area electron diffraction (SAED) pattern 




6.3.1.4 Effect of Solvent 
 
The solvent has a vital role to play on the morphology of α-LiVOPO4. We 










instead of hollow spheres, when tetraethylene glycol was used as solvent instead of 
ethylene glycol. This clearly shows the significance of ethylene glycol in the formation 
of α-LiVOPO4 nanoplates and their hierarchical assembly. Special physical and 
chemical properties of ethylene glycol, such as viscosity, vapor pressure, and chelation 
result in the α-LiVOPO4 crystal growth. Besides, the hydrogen bonding in ethylene 





in the reaction mixture and may assist in the nucleation and growth of α-LiVOPO4 in 
plate shape. The unique chelating ability of the ethylene glycol makes it not only a 






















Figure 6.5: FESEM images of α-LiVOPO4 produced in tetraethylene glycol as solvent 
at different magnifications 
 
The TEM, HRTEM and SAED images of α-LiVOPO4 hollow spheres are 









LiVOPO4 obtained at 20 h. The HRTEM image (Figure 6.6c) of α-LiVOPO4 hollow 
spheres exhibits clear lattice fringes demonstrating single crystallinity of the individual 
nanoplates. The observed width (3.271 Å) of neighbouring lattice fringes corresponds 
to the (-121)/(1-12) plane of α-LiVOPO4. Various electron diffraction spots as shown 
in Figure 6.6d are indexed to (-121)/(1-12), (402), (2-12) and (-140) plane of α-
LiVOPO4. These SAED spots are consistent with the XRD pattern shown in Figure 6.1. 















Figure 6.6: (a-b) TEM, (c) HRTEM and (d) SAED images of α-LiVOPO4 hollow 
spheres 
 
6.3.1.5 Carbon Coating 
Diffuse reflectance spectra analysis and DFT calculation by Yang et al. [22] 
demonstrated that α-LiVOPO4 was a wide band gap semiconductor (2.78 eV) which 
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large α-LiVOPO4 particles commonly produced by ceramic methods [13, 22] exhibited 
poor electronic conductivity. Ball milling with acetylene black and addition of 
electronic binder were found to boost the electrochemical and kinetic process of α-
LiVOPO4 [26, 27]. In the case of -LiVOPO4, RuO2 has also been employed to 
enhance the electrical conductivity. However, RuO2 is expensive for practical 
applications [17]. In the previous studies in our group, we have shown that optimising 
the carbonising precursor will have strong influence on the storage behaviour of 
LiFePO4 [23, 28]. Here, we used ascorbic acid as a carbonising agent. Figure 6.7 
shows the characteristic Raman spectrum of α-LiVOPO4 hollow spheres produced by 
the solvothermal method. A small band appearing at 939 cm
-1
 is attributed to the 
symmetric stretching mode of PO4
3-
 anion in α-LiVOPO4.  The weak PO4
3-
 band could 
be due to the material over shaded by surface carbon coating. Two broad and strong 
bands located at 1357 and 1601 cm
-1
 are designated to the D (disordered) and G 
(graphene) bands of the residual carbon coated on the hollow spheres, respectively. 





 carbon contents of α-LiVOPO4. In general, the decrease in D/G ratio or the 
increased amount of sp
2
 type carbon greatly enhances the electronic conductivity and 
leads to the good discharge capacity and superior rate capability [29, 30]. In present 
study, the ID/IG ratio of α-LiVOPO4 hollow spheres is found to be 0.660, this shows 
presence of a larger amount of graphene clusters than the disordered carbon structure, 
which in turn expected to facilitate a far better cell performances of α-LiVOPO4 when 
















Figure 6.7: Raman spectrum of α-LiVOPO4 hollow sphere 
 
6.3.2 Electrochemical Performances 
The electrodes made of hollow spheres of α-LiVOPO4 were subjected to 
galvanostatic charge-discharge cycles between 3.0 and 4.5 V vs. Li/Li
+
 at various 
current rates. Some of the selected charge and discharge cycles at 0.1 C are shown in 
Figure 6.8. Cycle life of the hollow sphere electrode at 0.1 C is shown as inset in 
Figure 6.8. Lithium ion intercalation process in the α-LiVOPO4 is expressed in 





 redox couple [15]. 
 
 
LiVOPO4                     VOPO4  +  Li
+
  +  e
-
                            6.1     
 
 
During the first lithium deintercalation (oxidation) process, the voltage 
increases sharply to 4.06 V from the open circuit voltage (OCV ~ 3.0 V) followed by a 
flat long plateau (Figure 6.8) and then gradually increases to the cut-off voltage (4.5 V). 
The first charge process results in a storage capacity of 145 mAh/g which is  





































Figure 6.8: Galvanostatic charge and discharge cycle curves of α-LiVOPO4 hollow 
spheres at 0.1C in potential window 3.0-4.5 V. The data were recorded at room 
temperature (inset: capacity versus cycle number plot). 
 
 
equivalent to 87.3 % of the theoretical capacity (theoretical capacity 166 mAh/g 
assuming complete extraction of lithium). The discharge curve shows a similar bi-
phasic plateau region at 4.0 V and leading to the storage capacity of 129.5 mAh/g. In 
the first cycle, there is an irreversible capacity loss of about 15 mAh/g with coulombic 
efficiency of 90 %. Subsequent cycles show a similar plateau behaviour, however, 
there is a decline of reversible capacity values in comparison to the initial cycle. The 
small polarisation (ΔV) of 0.06 V (ΔV = voltage difference between the charge and 





under the low rate condition. Under similar rate condition, the α-LiVOPO4 prepared by 
Ren et al. [16] exhibited a huge irreversible capacity loss with a coulombic efficiency 
of 52 % and a polarisation of nearly 200 mV. While comparing with the previously 
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reported α-LiVOPO4 samples obtained by sol-gel method [22], the present α-LiVOPO4 
hollow spheres exhibit excellent cyclability and higher rate performances.  
To further explain the influence of current rate on the redox behavior, several 
replicate cells were tested at different C rates. The galvanostatic charge and discharge 
profiles of α-LiVOPO4 hollow spheres at various C rates are displayed in Figures 6.9a-


















Figure 6.9: Galvanostatic charge-discharge profiles of α-LiVOPO4 hollow spheres at 
various C rates (selected cycles are given): (a) 0.36C (60 mA/g), (b) 0.72C (120 mA/g), 
(c) 1.08C (180 mA/g), (d) 2.53C (420 mA/g) and (e) 4.22C (700 mA/g); (f) reversible 
capacity versus cycle number plot, here the open symbols refer to the charge capacity 
and the closed symbols refer to the discharge capacity. Data were recorded in potential 
window 3.0-4.5 V at room temperature. 
 
(a)  0.36C (60 mA/g) 
(c)  1.08C (180 mA/g) 
(e)  4.22C (700 mA/g) 
(b)  0.72C (120 mA/g) 
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(d)  2.53C (420 mA/g) 
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the C rate. It is found to be 0.08, 0.15, 0.22, 0.35 and 0.45 V for 0.36 (60 mA/g), 0.72 
(120 mA/g), 1.08 (180 mA/g), 2.53 (420 mA/g) and 4.22C (700 mA/g), respectively. 
Columbic efficiency is greatly enhanced to 98 % beyond 0.36C. The capacity retention 
of α-LiVOPO4 electrodes versus cycling number is shown in Figure 6.9f which reveals 
good and consistent cycling stability at all C rates. The overall reversible storage 
capacity is found to be 85, 77, 71, 48 and 40 mAh/g for 0.36 (60 mA/g), 0.72 (120 
mA/g), 1.08 (180 mA/g), 2.53 (420 mA/g) and 4.22C (700 mA/g), respectively. As 
compared to the chemically lithiated and mechanically ground α-LiVOPO4 by Kerr et 
al. [15] at 1C rate, these α-LiVOPO4 hollow spheres display a better performance. It is 
believed that the hollow nature favours efficient wetting of the active materials by 
electrolytes thereby providing more active sites for the electrochemical reactions [31]. 
Thus, the morphology of the product appears to be one of the important factors in 
improving the kinetic properties of α-LiVOPO4.  
  Galvanostatic cycling of α-LiVOPO4 hollow spheres at 1.7C rate (280 
mA/g) is shown in Figure 6.10. Under this C rate, 500 cycles of galvanostatic 
testing were carried out to elucidate the long term cycling stability. Reversible 
capacity of 58 and 51 mAh/g are observed at the end of the 1st and 500th cycle, 
respectively. This shows an average capacity degradation of just 0.01 mAh/g per 
cycle. In addition, the observed columbic efficiency is found to be more than 99 % 
during these long-term cycles. Therefore, the long-term stability of lithium 
insertion/extraction reaction in α-LiVOPO4 hollow spheres is evidenced by 
negligible capacity fading over the 500 charge and discharge cycles. Nanoplate 
type architecture offers the advantages of fast transport of lithium ions. Moreover, 
the hollow nature of the spheres offers sufficient active sites and short diffusion 
path for lithium ions to intercalate. These features lead to good electrochemical 
167 
 
activity of α-LiVOPO4 hollow spheres compared to the bulk (!6 μm) LiVOPO4 
















Figure 6.10: (a) Long-term galvanostatic charge and discharge profiles of α-LiVOPO4 
hollow spheres at 1.7C (selected cycles are given) and (b) reversible capacity versus 
cycle number plot in potential window 3.0-4.5 V 
 
 
The high rate capability is one of the mandatory electrochemical features of 
lithium-ion batteries to power the high energy based applications such as electric 
vehicles and hybrid electric vehicles. The rate performances of α-LiVOPO4 electrodes 
were evaluated for nine different charge and discharge current rates corresponding to 
0.18, 0.6, 1.7, 3.4, 5.1, 6, 8.5, 13 and 0.36 C (here 1C = 166 mA/g), in the voltage 
range of 3.0-4.5 V (Figure 6.11a). On average, minimum 50 cycles are carried out for a 
given rate. As expected, the capacity decreases from 98 to 22 mAh/g with increasing C 





































































rates from 0.18 (30 mA/g) to 13C (2158 mA/g), showing a diffusion-limited mass 
transfer of lithium ions between the surface and the core of α-LiVOPO4 particles. 
Upon decreasing the current from 13 to 0.36C, capacity of 85 mAh/g is observed. At 
each C rate, the storage capacity is found to be stable during cycling except at a low 
rate of 0.18C. Figure 6.11b shows charge and discharge profiles of α-LiVOPO4 hollow 
spheres at various C rates. Upon increasing the C rates, it can be observed that the 
polarization of the electrode material increases, which imitates the variation of ΔV, 
this is possibly due to the increase in the electrode resistance, thereby declining the 
















Figure 6.11: α-LiVOPO4 hollow spheres: (a) the rate capability and (b) charge and  
discharge profiles at various C rates 
 
































































 0.18 C      3.4 C      8.5 C
 0.6 C        5.1 C
 1.7 C        6 C
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The cyclic voltammograms of α-LiVOPO4 hollow spheres are shown in Figure 
6.12. The cyclic voltammetry test was recorded with lithium metal as the counter 
electrode in the voltage window of 3.0-4.5 V at a scan rate of 0.058 mV/s up to 10 
cycles at room temperature. A single pair of anodic and cathodic peaks is found in the 




 redox couple transformation. 
During the first cycle (i.e., lithium deintercalation), the anodic peak is at 4.06 V and 
the corresponding cathodic peak is at 3.85 V (i.e., lithium intercalation) in good 
agreement with the charge and discharge curves (Figure 6.8). The symmetrical nature 
of the redox peaks in the cyclic voltammograms is suggestive of good movement of 
interfacial boundary [15]. In the subsequent cycles, the oxidation peak and the 
corresponding reduction peak are unaltered up to 10 cycles; this infers good 
























In summary, α-LiVOPO4 hollow spheres were successfully synthesized via a 
simple solvothermal method. We found that reaction parameters have strong 
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influences on the morphology of the final product. The product morphology can be 
easily tailored from hollow spheres to hard spheres upon changing the reaction time. 
The as prepared α-LiVOPO4 was tested as a 4 V cathode material versus lithium and it 
exhibited reversible capacity of 130 and 61 mAh/g at 0.1 and 1.7C, respectively 
without any post-heat treatment or milling with conductive additives. Remarkable 
long-term cycling stability and good high rate performances were demonstrated by the 
α-LiVOPO4 hollow spheres up to 13 C. The hollow nature and nanosized plates 
forming the spheres favour the absolute wetting of α-LiVOPO4 by liquid electrolyte so 
that lithium ions intercalation/deintercalation can be achieved easily leading to the 
superior lithium storage when compared with the α-LiVOPO4 prepared by other 
methods.  e believe that α-LiVOPO4 is likely to be a prospective 4 V cathode 
material for high voltage lithium-ion battery applications in the future. 
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Chapter 7: LiFe1/3Mn1/3Co1/3PO4 
 
7.1 Introduction 
Even though LiFePO4 has been studied as one of the most promising cathode 
materials for future lithium-ion battery applications, its energy density (170 mAh/g x 
3.45 V = 586.5 Wh/kg) is still considered to be low due to its considerably low 
operating potential at 3.45 V vs. Li/Li
+
. This could limit its large-scale applications as 
energy storage and power source systems for future electric vehicles and renewable 
energy resources. As a consequence, substitution of other high redox potential 
transition metals such as Mn (4.1 V vs. Li/Li
+
) or Co (4.8 V vs. Li/Li
+
) or Ni (5.1 V vs. 
Li/Li
+
) for Fe in the olivine structure has been explored by research community in an 
attempt to improve the energy density of olivine phosphate cathode materials [1-5] .  
Intriguingly, LiMnPO4 has emerged as an alternate olivine cathode material 
since it provides high working potential at 4.1 V, which is within the safe operational 
condition of the commonly used electrolytes. However, the storage performances of 
LiMnPO4 is poor due to some unresolved problems such as low electronic conductivity, 
sluggish lithium ion diffusion kinetics and Jahn-Teller anisotropic lattice distortion of 
Mn
3+
 [2, 6-8]. Other material systems, for examples, LiCoPO4 and LiNiPO4 are 
undesirable in current lithium-ion battery applications owing to their high redox 
potential at around 4.8 V and 5.1 V, respectively. Such high voltage operating 
conditions have found to be not compatible in most of the currently available 
electrolytes [9, 10]. Therefore, in recent years, a new class of multicomponent olivine 
material (LiFe1/3Mn1/3Co1/3PO4) has been proposed as a potential cathode material to 
surmount the shortcomings of each individual transition metal phosphate discussed 
above. LiFe1/3Mn1/3Co1/3PO4 was reported to have several salient properties such as 
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enhanced energy density and improved rate capability in comparison to its individual 
component counterpart [1, 11-14].  
Inspired by our success in improving the electrochemical performances of 
nanostructured mesoporous LiFePO4/C, we extended our study to high energy density 
LiFe1/3Mn1/3Co1/3PO4 cathode material. In this study, we developed a simple soft 
template synthesis method to produce pure phase nanostructured porous 
LiFe1/3Mn1/3Co1/3PO4/C. The electrochemical performances of the prepared 
LiFe1/3Mn1/3Co1/3PO4/C material were investigated in LiPF6 ethylene carbonate/diethyl 
carbonate/dimethyl carbonate (EC/DEC/DMC) and high voltage LiPF6 sulfolane 
electrolytes.  
 
7.2 Experimental Procedures 
 
7.2.1 Synthesis of Nanostructured Porous LiFe1/3Mn1/3Co1/3PO4/C 
 
All chemical precursors and solvents are commercially available and used as 
received without further purification unless otherwise stated. Initially, 0.01M of cetyl 
trimethylammonium bromide (CTAB) surfactant was dissolved in ethanol solution. 
After that, the starting precursors, lithium acetate dihydrate (LiC2H3O2.2H2O), iron (II) 
acetate (Fe(C2H3O2)2), manganese (II) acetate tetrahydrate (C4H6MnO4.4H2O), cobalt 
(II) acetate tetrahydrate (C4H6CoO4.4H2O) and ammonium dihydrogen phosphate 
((NH4)H2PO4) in a stoichiometric molar ratio were added into the prepared CTAB- 
ethanol solution. Then, the solution was added with deionised water. The solution was 
stirred for 24 h and dried using rotor evaporator at temperature 70 °C. Finally, the 
powder was calcined in tube furnace under Ar/H2 gas (5% H2) atmosphere at 600-




7.2.2 Materials Characterization 
The phase purity of the obtained materials was characterized by X-ray 
diffraction (XRD) 6000 SHIMADZU, Japan with Cu-Kα radiation (λ = 1.54056 Å). 
The morphology and microstructure of the materials were investigated by HITACHI 
S4300 field emission scanning electron microscopy (FESEM) at 15 kV. Elemental 
analyser (Elementar Vario MICRO Cube) was used to determine the carbon content of 
the obtained materials. 
 
7.2.3 Electrochemical Measurements 
The LiFe1/3Mn1/3Co1/3PO4/C electrodes were prepared by mixing active 
material, super P carbon black and polyvinylidene difluoride (PVDF) (Kynar 2801) at 
a weight ratio of 75:15:10 in N-methyl-2-pyrrolidone (NMP) solvent. Electrodes were 
prepared using an etched aluminium foil (20 μm thick) as current collector by doctor-
blade technique. Electrochemical performances of the electrodes were investigated 
using CR2016 coin-type cells. The cell assembly was performed in argon-filled glove 
box (MBraun, Germany). Whatman binder-free glass microfiber filter (type GF/F) was 
used as the separator, lithium metal foil was used as the anode, and 1 mol/l lithium 
hexafluorophosphate (LiPF6) in ethylene carbonate/diethyl carbonate/dimethyl 
carbonate (EC/DEC/DMC) (1:1:1, v/v ratio) (Merck) and  1 mol/l LiPF6 in sulfolane 
(KISHIDA CHEMICAL Co., Ltd., Japan) were used as the electrolytes. The 
galvanostatic cycling and cyclic voltammetry (CV) tests were performed between 2.5 
and 4.9 V at room temperature using computer controlled Arbin battery (Model 





7.3 Results and Discussion 
7.3.1 Materials Characterization 
The XRD patterns of LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C and 650 °C 
for 6 h under Ar/H2 gas (5% H2) atmosphere are shown in Figure 7.1a. The diffraction 
peaks for pure phase LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C match well with the 
standard XRD pattern of olivine LiFePO4 structure with space group Pnma. However, 
when the calcination temperature is increased to 650 °C for 6 h, some impurities 
appear at 2 angles 40.70°, 43.16°, and 44.04° which could belong to unresolved Co2P 
and Fe2P phases. The expanded diffraction patterns in Figure 7.1b show that the 
positions of (301), (311) and (121) diffraction peaks are shifted for the 
LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C and 650 °C with respect to the standard 
pattern of LiFePO4. The peaks shift could be attributed to the variation of lattice 
parameter and unit cell volume when Fe is substituted by Mn and Co ions. This 
observation is in good agreement with the previous study which confirms the 
formation of LiFe1/3Mn1/3Co1/3PO4/C solid solution [1]. Elemental analysis revealed 
that the carbon content of the pure phase LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C 
for 6 h is around 2.4 wt%. 
Figure 7.2 shows the FESEM images of pure phase LiFe1/3Mn1/3Co1/3PO4/C 
calcined at 600 °C for 6 h. The morphology of LiFe1/3Mn1/3Co1/3PO4/C is porous plate-
like structures with dimensions around 2-4 μm and pore sizes around 50-70 nm. Under 
high magnification observation (Figure 7.2 c-d), the porous plate-like structures are 
constructed from well interconnected nanograins with average grain sizes around 20-






























Figure 7.1: (a) XRD patterns of LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C and 650 °C 
for 6 h and (b) enlarged 2 region shows the shift in the positions of (301), (311) and 
(121) diffraction peaks  
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Figure 7.2: (a-b) Low magnification and (c-d) high magnification FESEM images of 
LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C for 6 h 
 
 
7.3.2 Electrochemical Performances 
Figure 7.3 shows the galvanostatic charge and discharge profiles of  pure phase 
LiFe1/3Mn1/3Co1/3PO4/C calcied at 600 °C for 6 h in 1 mol/l LiPF6 EC/DEC/DMC 
(Figures 7.3a-b) and in 1 mol/l LiPF6 sulfolane (Figures 7.3c-d). 1 mol/l LiPF6 
sulfolane was employed as the electrolyte since it was previously reported to have 
good resistance to oxidation at high voltage up to 5 V [15, 16]. As shown in Figures 
7.3a and 7.3c, the charge and discharge profiles at 0.1C of LiFe1/3Mn1/3Co1/3PO4/C in 
both electrolytes exhibit three characteristic voltage plateaus at around 3.5, 4.2 and 4.7 













respectively. However, as can be observed from the first charging curves, both 
electrolytes suffer from decomposition issues at high voltage and this leads to the 
excess charging capacity (exceed the theoretical capacity value of 169 mAh/g) and the 
10 μm 1 μm 





irreversible capacity loss during discharge. In terms of the discharge capacity, no 
significant difference is found during the first cycle of discharge capacity at 0.1C for 
LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l LiPF6 EC/DEC/DMC and 1 mol/l LiPF6 sulfolane. 
From Figure 7.3a, it can be observed that first discharge capacity of 134 mAh/g is 
obtained for LiFe1/3Mn1/3Co1/3PO4/C at 0.1C in 1 mol/l LiPF6 EC/DEC/DMC. 
Similarly, initial discharge capacity of 130 mAh/g can be delivered by 
LiFe1/3Mn1/3Co1/3PO4/C at 0.1C in 1 mol/l LiPF6 sulfolane (Figure 7.3c). Nevertheless, 
on further cycling at 0.1C, the discharge capacity of LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l 
LiPF6 EC/DEC/DMC progressively decays from 119 mAh/g at 2
nd
 cycle to 81 mAh/g 
at 30
th
 cycle. In the case of LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l LiPF6 sulfolane, the 




In order to evaluate the high rate performances of LiFe1/3Mn1/3Co1/3PO4/C, the 
electrodes were tested at 0.2C and 1C (Figure 7.4). LiFe1/3Mn1/3Co1/3PO4/C shows 
poor storage performances when C rates increase. In addition, the charging and 
discharging voltage plateaus become less prominent upon increasing the C rates 
(Figure 7.4 a-b). The LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l LiPF6 EC/DEC/DMC delivers 
an initial discharge capacity of 61 mAh/g at 0.2C and 8 mAh/g at 1C; whereas the 
LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l LiPF6 sulfolane shows an initial discharge capacity 
of 51 mAh/g at 0.2C and 5 mAh/g at 1C. On further cycling at 0.2C up to 30
th
 cycles, 
LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l LiPF6 EC/DEC/DMC and 1 mol/l LiPF6 sulfolane 
still can retain a discharge capacity of around 48 mAh/g. The poor storage 
performances of LiFe1/3Mn1/3Co1/3PO4/C in both electrolytes can be attributed to the 




















Figure 7.3: (a) First cycle charge and discharge profiles at 0.1C for 





 cycles) of charge and discharge profiles at 0.1C for LiFe1/3Mn1/3Co1/3PO4/C in 1 
mol/l LiPF6 EC/DEC/DMC;  (c) first cycle of charge and discharge profiles at 0.1C for 
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Figure 7.4: First cycle charge and discharge profiles at 0.1C, 0.2C and 1C for 
LiFe1/3Mn1/3Co1/3PO4/C in (a) 1 mol/l LiPF6 EC/DEC/DMC and (b) 1 mol/l LiPF6  
sulfolane; cyclic performances of LiFe1/3Mn1/3Co1/3PO4/C at different C rates up to 30 






























































































































Number of Cycle (d) (c) 
182 
 
Figure 7.5 shows the cyclic voltammograms of pure phase 
LiFe1/3Mn1/3Co1/3PO4/C calcined at 600 °C for 6 h. Three oxidation peaks and three 
reductions peaks can be observed from the cyclic voltammograms of 
LiFe1/3Mn1/3Co1/3PO4/C in 1mol/l LiPF6 EC/DEC/DMC (Figure 7.5a). The clearly 





 redox couple, and the distinct oxidation peak at 4.18 V and reduction peak at 




 redox couple. The oxidation peak at 4.75 V and 




 redox couple. However, the 
oxidation peak at 4.75 V is not clearly resolved and this leads to the difficulty in 
determining the exact oxidation peak potential of cobalt. This could be due to the 
decomposition of the electrolyte at high voltage which may shade the appearance of 
the oxidation peak of cobalt. In addition, the problem of high voltage electrolyte 
decomposition can lead to the asymmetry of the anodic and cathodic peaks and poor 
capacity retention of LiFe1/3Mn1/3Co1/3PO4/C. Similar anodic and cathodic peaks can 
also be observed for LiFe1/3Mn1/3Co1/3PO4/C in 1 mol/l LiPF6 sulfolane (Figure 7.5b). 
All the observed oxidation and reduction peaks correlate well with the voltage plateaus 
observed in the galvanostatic charge and discharge profiles shown in Figure 7.3.  
Even though studies have been reported that sulfolane is a stable high voltage 
electrolyte up to 5 V [15, 16], present study observes that this electrolyte still 
encounters decomposition problem at voltage higher than 4.6 V. Recently, Markevich 
et al. [17] have studied reasons for capacity fade of LiCoPO4 cathode in LiPF6 
containing electrolyte solutions. They found that the origin of the poor performances 
of LiCoPO4 cathode in LiPF6 containing electrolyte solutions was due to the 
nucleophillic attack of F
- 
anions in the solution on P atoms during charging, resulting 
in the breaking of the P-O bonds of the phosphate anions and the formation of soluble 
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LiPO2F2 moieties. Therefore, a stable high voltage (>4.5 V) electrolyte needs to be 
developed in future so that the electrochemical performances of 








Figure 7.5: Cyclic voltammograms of LiFe1/3Mn1/3Co1/3PO4/C in (a) 1 mol/l LiPF6 
EC/DEC/DMC and (b) 1 mol/l LiPF6 sulfolane at a scan rate of 0.058 mV/s in voltage 
window 2.5-4.9 V 
 
7.4 Conclusion 
Pure phase of nanostructured porous plate-like LiFe1/3Mn1/3Co1/3PO4/C with 
grain sizes of 20-40 nm was obtained after calcination at 600 °C for 6 h under Ar/H2 
gas (5% H2) atmosphere through a simple soft template synthesis process. The material 
demonstrated three characteristic voltages plateaus at around 3.5, 4.2 and 4.7 V 













respectively during charge and discharge cycles. An initial discharge capacity of 134 
and 130 mAh/g at 0.1C in the potential window of 2.5-4.9 V can be delivered by 
LiFe1/3Mn1/3Co1/3PO4/C in 1mol/l LiPF6 EC/DEC/DMC and 1mol/l LiPF6 sulfolane, 
respectively. However, capacity fade was observed in both the electrolytes on cycling. 
The material showed a progressive capacity fade in 1mol/l LiPF6 EC/DEC/DMC 
whereas the fading rate was detained when tested in 1mol/l LiPF6 sulfolane. The 































































































































instability and decomposition of the electrolytes at high voltage operation can be the 
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Chapter 8: Conclusion and Future Recommendation 
 
One of the key challenges of lithium-ion batteries as the energy storage and 
power source systems for future portable electronic devices, electric vehicles and 
renewable energy resources applications is to improve their energy storage 
performances. In this regard, advances in nanostructured materials can play a 
significant role in improving the storage performances of lithium-ion batteries due to 
their reduced dimensions that enable fast lithium ion insertion/deinsertion. In this 
thesis, nanostructural engineering approaches via soft template and solvothermal 
synthesis methods were employed to develop phosphate-based electrode materials, 
particularly LiFePO4, α-Li3V2(PO4)3, α-LiVOPO4 and LiFe1/3Mn1/3Co1/3PO4 with 
porous nanoarchitectures in order to improve their storage performances. The study 
involved the synthesis and characterization of phosphate-based materials, fabrication 
of their electrodes and devices such as coin-cell type batteries as well as systematic 
investigation of their electrochemical performances. The main findings of the study are 
summarized as below: 
 
8.1 LiFePO4 
Nanostructured mesoporous LiFePO4/C with reduction of both b- and c-axes 
thickness to 30 nm within the nanograins together with the presence of higher amount 
of anti-site defects showed improved storage performances compared to previously 
reported LiFePO4/C nanoplates with dimensions of 30 nm along b-axis but 100-500 
nm along a- and c-axes. In addition, clear voltage plateaus and reduced polarization 
were observed in the nanostructured mesoporous LiFePO4/C. The improved storage 
performances of mesoporous LiFePO4/C in the present study can be attributed to their 
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unique mesoporous nano-architectures coupled with the presence of anti-site defects 
which can favour the lithium insertion and extraction along both b- and c-axes, 
consistent with the two-dimensional lithium diffusion data on LiFePO4 single crystal 
reported by Amin et al.. Another significant contribution from this study is the 
development of a simple and cost effective soft template synthesis process which is 
feasible to scale up and it can be extended to synthesize other electrode materials in 
nano-dimension with mesoporous network.   
To further investigate the effect of anti-site defects on the two-dimensional 
lithium diffusion paths, more detailed analytical investigations on the anti-site defects 
formation can be studied by neutron powder diffraction. This coupled with direct 
atomic-level observation of the anti-site defects distribution in the crystal lattice using 
aberration-corrected scanning transmission electron microscopy (STEM) technique 
will be beneficial to further understand the correlation between the anti-site defects and 
two-dimensional lithium ion transportation mechanisms. 
 
8.2 α-Li3V2(PO4)3 
In our study, one of the major progresses that has been made is the 
improvement of high rate storage performances of α-Li3V2(PO4)3 up to 80C with 
excellent long-term cyclic stability. This was achieved by developing α-Li3V2(PO4)3/C 
in mesoporous nanostructure. The nanostructured mesoporous α-Li3V2(PO4)3/C with 
controlled grain size of 20-50 nm combined with conductive carbon coating can 
effectively favour the three-dimensional diffusion paths of both lithium ions and 
electrons. Such promising energy storage performances offered by the nanostructured 
mesoporous α-Li3V2(PO4)3/C will be highly applicable for future commercial high 
energy density and high power density lithium-ion battery applications. The approach 
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of tailoring the morphology of α-Li3V2(PO4)3/C in mesoporous nanostructures reported 
in this study can serve as an innovative strategy for improving the rate performances of 
other poor conducting electrode materials. 
Since the developed nanostructured mesoporous α-Li3V2(PO4)3/C demonstrated 
excellent rate performances, up-scale mass production of this materials can be 
attempted for future commercial applications. The actual battery performances of this 
material in combination with other potential anode materials, for examples TiO2, 
Li4Ti5O12 and graphite can be further investigated.  
 
8.3 α-LiVOPO4 
We have shown the feasibility of α-LiVOPO4 to undergo the lithium 
intercalation/deintercalation process at voltage plateau of 4 V. In this study, pure phase 
α-LiVOPO4 was synthesized through a low temperature solvothermal method. We 
found that the morphology of α-LiVOPO4 was significantly affected by the reaction 
condition and its morphology can be altered from hollow sphere to hard sphere upon 
changing the reaction time. The developed α-LiVOPO4 hollow spheres showed 
remarkable long-term cycling stability and good high rate storage performances with 
clear voltage plateau at 4 V up to 8C. The obtained storage performances for this 
material in present study were better than those reported in literature. Such promising 
storage properties can pave the way for further development of this high voltage (4 V) 
material in the future to replace the expensive, toxic and unstable LiCoO2 in lithium-
ion batteries.  
There is further scope to improve the storage performances of α-LiVOPO4 by 
optimized synthesis conditions along with electrode engineering. More intensive 
theoretical studies need to be performed in future to further understand the actual 
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transport mechanisms of lithium ions and electrons in α-LiVOPO4. This can provide 
valuable information and ideas to further enhance the storage performances of α-
LiVOPO4.  
 
8.4 LiFe1/3Mn1/3Co1/3PO4   
Intrigued by our work in improving the electrochemical performances of 
nanostructured mesoporous LiFePO4/C, we have extended our study to the high energy 
density LiFe1/3Mn1/3Co1/3PO4/C material. We were able to produce pure phase 
LiFe1/3Mn1/3Co1/3PO4/C material with porous nanoplate-like structures using soft 
template synthesis process that we developed in our laboratory. The obtained material 
exhibited three characteristic voltage plateaus at around 3.5, 4.2 and 4.7 V, 













respectively. However, capacity fade was observed for this material upon cycling in 
both conventional and high voltage electrolyte. The material showed a continuous 
trend of capacity fade in conventional electrolyte whereas the fading rate was slowed 
down when tested in high voltage electrolyte. The capacity fade can be attributed to 
the instability and decomposition of both conventional and high voltage electrolytes 
during charging at high voltage up to 4.9 V. 
The capacity fade can be solved if highly stable high voltage electrolytes can 
be developed in near future. In-situ synchrotron powder X-ray diffraction and in-situ 
X-ray adsorption spectroscopy (XAS) can be applied to study the structural changes of 
LiFe1/3Mn1/3Co1/3PO4/C at different stages of voltage plateaus during the 
lithiation/delithiation process. The fundamental understanding of the 
lithiation/delithiation mechanism of LiFe1/3Mn1/3Co1/3PO4/C combining with the use of 
stable electrolytes can further improve its electrochemical performances. 
